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ABSTRACT 
POSTURES FOR PRECISION: 
 
AN ECOLOGICAL APPROACH TO MARKSMANSHIP AND THE ISSUE OF 
WARFIGHTER LOAD 
 
SEPTEMBER 2012 
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AMHERST 
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Ph.D, UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Richard E.A. Van Emmerik 
 
 
The goal of this dissertation was to understand the issue of load in a more 
operationally realistic way, while examining underlying segmental relations and postural 
regulation related to functional capability.  The ecological approach provides a 
foundation for this work, as its approach seeks understanding across nested relations and 
at the level of the Organism-Environment system.  First, a landing task was used to 
examine transitions from movement to upright stance, evaluating the effects of load on 
changes relevant to prospective control of action.  Greater negative head angles, 
reductions in the field of regard, and reduced variability in orienting coordination (trunk-
head relations) under load all suggest reductions in the postural affordances for visual 
perception.  The heaviest load was not the worst; as the asymmetrically loaded Vest 
configuration had greater negative effects on postural affordances.  This was further 
supported by the increased power and frequency content in the Center of Pressure 
dynamics, suggesting much more difficult postural regulation in this configuration.  The 
second study examined the effects of load on dynamic marksmanship performance using 
 vii 
large loads on the torso and small loads on the extremities (night vision goggles and 
extremity armor on the arms) while establishing two different postures determined by 
target placement.  Load and Posture both had negative impacts on the speed-accuracy 
trade-off, with larger loads affecting gross postural transitions and smaller loads 
degrading fine-aiming performance.  The more challenging posture degraded accuracy on 
target substantially, suggesting that reorientation of multiple segments may be necessary 
for assessing the consequences of load on marksmanship performance.  Increases in the 
total coordinative variability of Head-Trunk-Gun relations with load at a high target 
suggests that increased inertial and interactive forces during movement “push” the system 
out of the optimal segmental relations.  Moreover, the results from Postural-Focal 
coupling suggest that load “freezes” previously available degrees of freedom, making the 
system more deterministic and less flexible in goal-directed achievement.  The two 
previous paradigms are joined in the third study to understand perception-action coupling 
during movement cessation to marksmanship transitions, a ubiquitous task in combat.  
Increased time to discriminate targets was found with load and was related to peak head 
velocities and the inability to dissipate energy at the head/eyes under load.  Again, Load 
and Posture had significant effects on the speed-accuracy trade-off, especially at the load 
most similar to that seen in current missions.  Segmental coordination in this effort 
ballasts the findings in study 2, as significant shifts from optimal Head-Trunk-Gun 
relations were observed with load as well as increased variability that was detrimental to 
task performance.  This dissertation demonstrates that science can be “Operationalized” 
in a way that maintains scientific integrity during complex task analysis; providing 
 viii 
additional insight into the issue of load across multiple scales of analysis related to 
functional capability and survivability in combat and others encumbered by load. 
 ix 
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CHAPTER I 
DEVELOPMENT OF THE PROBLEM 
1.1 Background 
United States servicemen are currently deployed around the globe conducting a 
variety of missions that put them in harms way.  These missions include “Combat” (e.g. 
Direct Action, Patrol, Raid, Ambush), “Peacekeeping” (capacities similar to police 
forces), and “Nation Building” (providing food, education, infrastructure and other 
Western “necessities”).   The reality for the Sailor, Marine, Soldier, and Airman is that 
they are “on the ground”, in harms way on a daily, hourly, and minute-by-minute basis.  
These U.S. servicemen should be kept as safe from harm as possible, given the context of 
their deployment and missions required.  One of the primary means of achieving this goal 
comes in the form of the equipment we provide these Warfighters (the term “Warfighter” 
will be used as a collective term for all servicemen serving in this functional capacity 
henceforth in the document). 
Infantrymen are specifically placed in harms way via their mission profiles, and 
“light” infantrymen (those without ground vehicle support) can be considered at the 
pinnacle of this exposure.  The light infantryman often finds himself far from support, 
working in small units, infiltrating by way of very strenuous techniques in difficult 
environments and terrain (“road” marching, fast-roping from helicopters, swimming, 
parachuting, etc.).  The only equipment he can rely on is what can be collectively carried 
within his functional unit (platoon, fire team, squad, etc.).  Herein lies the problem; what 
is carried has never been “enough” for what is “required” for the mission and the 
necessary protection from enemy fire (Marshall, 1949). 
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1.2 History of Combat Load and Current Issues 
Today’s Warfighter routinely carries a fighting load that is upwards of 90-100 
pounds in combat (U.S. Army Infantry Load Update, 2009), roughly twice the maximum 
recommended load (U.S. Army Field Manual 21-20, Foot Marches, 1990) (Figure 1.1).  
This load has increased between 25-40% in the last 5 years (Dean, 2003; U.S. Army, 
Infantry Load Update, 2009), despite knowledge of the negative effects on combat 
performance and survival (Ashby et al., 2009; Harman et al., 2002; Knapik et al., 1996; 
Montague, 1958).  Many Warfighter tasks are comparable to athletics (Bernstein, 
1947/1996; Harman et al., 2000), and the burden of load significantly reduces  
 
Figure 1.1: 2009 U.S. Army Infantry School Load Update 
 
performance with potentially deadly consequences.  This problem is old, predating the 
Roman Empire (Marshall, 1949), and it increased during the1600’s when trades for 
protection, lethality, and survival were made between the type of armor (leather, chain, 
and plate mail) and enemy weaponry (Dean, 1920).  The consequences of Warfighter 
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load have been studied for over 100 years (Hellebrandt et al., 1944; Marshall, 1949), yet 
the burden has continued to increase.  Today’s trade offs in decision making involve 
more than just armor and weapons technology, and the consequences of load on 
operational performance and survivability remain primary issues for Warfighters.  
1.3 Current Issues  
While understood to reduce operational effectiveness, Warfighter load is still 
given “lip service” by many (Marshall, 1949).  One reason is the use of the “Machine 
Metaphor”; popularized by Descartes and Newton, its damage in this case is to more than 
just a scientific understanding of the human system.  For years, the “Warfighter system” 
has been viewed by many as being similar to a F-15A aircraft, or other mechanical 
platforms.  In this context the Warfighter is a chassis for hanging weapons systems, 
communication systems, sensory systems, and other technologies.  Additionally, the brain 
is viewed as a Central Processing Unit (CPU) capable of similar computational feats.  In 
reality, the Warfighter is neither a machine nor computer, and pretending that he is 
continues to do great harm to those who serve.  We can not increase the strength of the 
chassis, power of the motor, or processing power of information for the human system 
enough to overcome the current and future burdens of “improved technology” if they do 
not include weight reductions and trades for the global system performance over the 
performance of specific pieces of equipment.  The fallacy of the human as machine, and 
the vast numbers of people who see the human this way has lead the service down a path 
that de-optimizes performance (Harman et al., 2002; Hasselquist et al., 2007) and has 
immediate and long term consequences for injury and disability (Knapik et al., 1996; 
Knapik et al., 1997).  Conceptualizing Warfighters as machines precludes the 
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understanding to address this problem, and a move must be made to understand 
equipment consequences in more global metrics of Warfighter performance. 
One would hope that despite this approach, operational units would be less likely 
to overburden their Warfighters given how personally they understand the consequences 
on performance.  However, in the most recent guidance for small-unit operations in 
Afghanistan (Barbero, 2009), the issue of Warfighter load is unaddressed.  Fatigue and 
performance are discussed as issues of Warfighters being “physically fit and mentally 
tough”, without regard to managing individual loads (Barbero, 2009; Marshall, 1949).  
The mechanically reductionistic approach to understand Warfighter load, as true in many 
of the sciences (Iberall & Sodak, 1987; Kelso, 1995; Yates et al., 1972; Yates, 1982), has 
led to dead ends and metrics that are unable to completely address the decisions required 
by those who develop, field, and employ combat equipment.  However, the need to 
provide more meaningful metrics at the level of Warfighter performance is a recognized 
shortfall (U.S. Army Small Arms Capabilities Assessment, 2007).  
1.4 Historical Approaches to Combat Load Evaluation 
With few exceptions, historical scientific approaches to evaluate the effects of 
combat load fall into two categories: global metrics without regards for how they were 
achieved, and measures of intrinsic dynamics in the absence of goal-directed behavior 
(e.g. quiet stance and treadmill locomotion).  Most efforts focus on road marching and 
other locomotive tasks.  These efforts have primarily been driven by the need to 
understand fatigue, injury, and system design.  While road marches are a significant drain 
on metabolic resources (Harman et al., 1999; Obusek et al., 1997; Polcyn et al., 2002), 
and a primary means of transport for the Warfighter; “his chief function in war does not 
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begin until the time he delivers that burden to the appointed ground” (Marshall, 1949).  
While roadmarching performance is important, military research organizations 
investigating human performance must also address other tasks that are equally relevant 
in combat.  The historical approaches of measuring global performance metrics or 
intrinsic dynamics must be joined to address operationally relevant, goal-directed task 
performance needed by the Services.  
1.4.1 Global Measures  
Global performance measures have generally been time or accuracy, and have 
been helpful in providing metrics on the effects of load and equipment for both 
Warfighters (Kramlick, 2005; LaFiandra et al., 2007) and civilians (Lusa et al., 1991; 
Punakillio et al., 2003).  Primary metrics include road march time, obstacle traverse time, 
dynamic walking balance, and accuracy of marksmanship.  Overwhelmingly, the research 
demonstrates significant increases in time to complete road marches (Harman, et al., 
2002; Knapick et al., 1997; Polcyn et al., 2002), traverse obstacles, and other locomotive 
tasks as a function of increasing load (Ashby et al., 2009; Harman et al., 1999).  Results 
of the marksmanship time and accuracy have been more equivocal (Harman et al., 2002; 
Hasselquist et al, 2007). 
Marksmanship is particularly important, as it is a critical task in all aspects of 
combat (Barbero, 2009; Kramlick, 2005). When contextualized appropriately, it can 
provide significant information on the effects of equipment and tactics.  Moreover, 
marksmanship has been used extensively in research of motor control as a whole body 
precision task (Aalto et al. 1990; Arutyunyan et al., 1968, 1969; Era et al., 1996; Janelle 
et al., 2000; Zatsiorsky & Aktov, 1990).   Laboratory studies of load on marksmanship 
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have generally shown no effect, but have shown decrements after roadmarching (Knapick 
et al., 1993; Knapick et al., 1997; Harman et al., 1999) or from equipment design 
interface (e.g. helmet-backpack interference; Tharion & Obusek, 1999).  Field studies 
that embed the task in an operational context have demonstrated significant reductions in 
marksmanship performance with load (Ashby et al., 2009; Montague, 1958), yet “static” 
range studies have failed to show the same effects (Kramlick, 2005).  It has been 
suggested by many that goal-directed actions can only be understood when examined 
within the appropriate Actor-Environment-Task context (Chiel & Beer, 1997; Dewey, 
1896; Latash, 2008; Reed, 1982; Riccio, 1993; Turvey, 2007).  For combat 
marksmanship, it must involve “shoot and move” scenarios for any ecological realism 
and extrinsic validity.   
Warfighters in combat do not simply take a marksmanship position, get the 
perfect site picture, and squeeze the trigger.  In combat there exists a speed-accuracy 
trade off with significant consequences coupled with dynamic movement (Individual 
Movement Techniques (IMT); jumping, bounding, crawling, sprinting, etc).  The ability 
for those Warfighters to rapidly reach the necessary postural configuration for success 
under these conditions is critical for survival.  Postural-suprapostural task interaction is 
an important theme in the control and coordination of action (Feldman, 1986, 1998) and 
research techniques in motor control and biomechanics can provide insight into dynamic 
marksmanship (Cusumano & Cesari, 2006; Kaminski, 2007; Scholz et al., 2000; 
Walmsley & Williams, 1994).  In addition to the movement necessary for operational 
relevance (ecological realism), the loads used must be comparable to those employed in 
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combat.  To date, the weights used in research have not approached those carried by 
today’s Warfighters in most marksmanship studies. 
1.4.2 Measures of Intrinsic Dynamics 
Intrinsic dynamics are measures of coordinative control in the absence of a 
specified task; reflecting the manner in which segments relate based on their resonant 
frequencies and the emergent characteristics of higher order variables from these 
relations.  These include coordination between segments, CoP patterns relative to 
boundaries, kinetics during movement, and others.  The key discriminator between 
intrinsic dynamics and behavioral dynamics lies in the specification of goal-oriented task 
performance.  For example, data from locomotion on a treadmill or “quiet stance” 
postural studies would be considered information on the intrinsic dynamics of the system 
as no goal-oriented task exists (e.g. standing vs. standing for some functional effort).  
Data from navigation over obstacles on a treadmill or visual search while standing, 
however, would be considered behavioral dynamics as specific, goal-oriented tasks exist.  
The term behavioral dynamics will be used in this dissertation when Bernstein’s level of 
action is employed (Level D; Bernstein, 1949), and the actor must specifically and 
continuously attend to the task in order to successfully achieve it.   
Bernstein’s levels of movement construction provide a functional hierarchy to 
understand movement and the different neuromuscular aspects that must interact (Figure 
1.2).  The level of tone (level A) provides the foundational state of the neuromuscular 
system upon which movement may be based (Bernstein, 1949).  For Bernstein (1996), the 
level of tone pertains to the organization of the trunk and neck.  Level B is the level of 
synergies (“muscular-articular links”; extremities), and is characterized by the 
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compression of high degrees of freedom to low degrees of freedom during functional 
tasks (e.g. the 27+ degrees of freedom in the upper arm to function as a single unit during 
reaching in 3D space).  The level of synergies is also characterized by an autonomy and 
ability to self-correct when perturbations occur (Bernstein, 1947; Kelso et al., 1986; 
Latash, 1993).    
Neither level A (tone) nor B (synergies) are thought to be accessible by conscious 
control, are considered the foundation for movement, and are conceived as more intrinsic 
to the biological system.  Bernstein’s level of space (C) is the level of interaction between 
the body and environment.  The level of space provides the means by which we may 
understand the interaction between perception of the environment and the manner in 
which it “drives” the movement systems (synergies).  An example of the interaction 
between the level of synergies and space is locomotion over rough terrain; while the 
locomotive pattern is generated by the level of synergies, it is “tuned” by perceptual 
information in the environment.  The level of action (D) is Bernstein’s “highest” level in 
the hierarchy, and includes actions that require continuous attention for success 
(Bernstein, 1947).   This is the level most often associated with highly “skilled” and 
precision movements like writing and speech, where dedicated attention to the ongoing 
task is absolutely necessary for it to continue (the “Human Level”).  Despite the apparent 
separation between the levels, Bernstein notes that level D represents “an interlacing of 
all of the levels and, simultaneously, an unbreakable combination of all the most 
challenging types of human activity” (pp. 166, Bernstein, 1996).  Included at this level 
for Bernstein are the “elements of a dangerous combat”, where risk to life requires the 
utmost dexterity and resourcefulness to survive (Bernstein, 1996).  Ecological 
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marksmanship for Warfighters is such a task, where they must constantly seek for 
information in the environment and perform precision tasks in a particular order in order 
to survive.  Figure 1.2 provides a schematic of Bernstein’s levels, with specific relevance 
to Warfighter performance and survivability.  
 
Figure 1.2: Bernstein’s levels of movement construction. A) Tone, B) Synergies, C) 
Space, and D) Action in Ecological marksmanship. 
1.4.2.1 Locomotion 
Studies of gait mechanics and energy expenditure related to Warfighter load have 
attempted to understand performance and injury (Birrell et al., 2007; Harman et al., 2000; 
Lusa et al., 1991).  Primary manipulations have included; weight, moment of inertia 
(MOI), speed, and incline during treadmill locomotion.  Weight has significant impacts 
on the kinetics of gait; increasing the vertical and anterior-posterior (AP) ground reaction 
forces with load during level walking (Birrell et al., 2007; Harman et al., 1991; Polcyn et 
al., 2002), while increasing propulsive and reducing breaking forces during uphill 
locomotion (Harman et al., 1999, 2000; Knapick et al., 1996).  Kinematic changes with 
increased load include longer double support time, greater trunk flexion, and widening of 
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the base of support (Birrell et al., 2007; Harman et al., 2000; Hasselquist et al., 2007).  
Increases in arm swing, and ankle, knee, and hip joint angles with load have also been 
observed (Harman et al. 1999; Knapik et al., 1996; Polcyn et al., 2002).  However, 
interactions of weight, load distribution, speed, incline, and manually carried items, show 
a wide range of findings (Knapik et al., 1993; LaFiandra et al., 2003; Polcyn et al., 2002).  
Manipulating pack moment of inertia has provided important insight into the effects of 
load and its distribution on relative phase between upper and lower extremity 
coordination (LaFiandra et al., 2002, 2003).  Adding weight to the back seems to 
decouple the upper and lower extremity with regards to the dynamic interaction of torque 
generation in a manner suggesting increased control of the load to minimize transverse 
plane angular velocity (LaFiandra et al., 2002).  Additionally, oxygen consumption 
increases when weight is distributed in the pack farther from the back and lower in the 
pack (Norton et al., 2002; Obusek et al., 1997).  Oxygen consumption also increases as a 
function of increasing load, speed, and incline.   
However, during over ground locomotion on real terrain, the results are 
specifically related to the instructions given.  With instruction to maximize speed, heart 
rate (HR) is highest in the lighter packs, but when Warfighters self-pace, increased 
weight reduces the speed of travel and results in more stable HR across loads (Harman et 
al., 2002; Knapik et al., 1993, 1996, 1997).  This suggests that movement assessment 
under more ecologically valid conditions (e.g. off the treadmill) may provide more 
operationally relevant results (Dickenson et al., 2000; Riccio, 1993; Turvey et al., 1978; 
Warren et al., 1986).  From a Bersteinian perspective (1947), the use of treadmills for this 
type of work limits the understanding of action to the level of synergies (perhaps just into 
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the level of space).  Walking on a treadmill requires much less information/ interaction 
with the environment than navigation over terrain (Chiel & Beer, 1997; Dickenson et al., 
2000; Fitch et al., 1982; Warren et al., 1986).  While this approach may provide the basis 
for understanding movement over complex terrain; the context conditioned variability 
observed in human-environment-task interactions requires experimental designs that 
include these mutual constraints on the intrinsic dynamics for a more functional 
understanding of action.  
1.4.2.2 Traditional Postural Control 
Few studies address postural control and Warfighter load (Hellebrandt et al., 
1944; Schiffman et al., 2004; Schiffman et al., 2006), although the relations of load and 
posture has been widely studied in ergonomics (Holbein & Redfern, 1997; Kincl et al., 
2002; Punakillio et al, 2003), rehabilitative sciences (Anker et al., 2008; Sako, et al., 
2004), and static marksmanship (Arutyunyan et al., 1968, 1969; Era et al, 1996; Mononen 
et al., 2007; Niinimaa & McAvoy, 1983).  Traditional measures of postural control 
include Center of Pressure (CoP) maximal excursion, CoP sway “velocity”, and CoP 
sway area in both the medio-lateral (ML) and AP directions.  CoP dynamics reflect not 
only the neuromuscular regulation of the Center of Mass (CoM), but the regulation of 
other dynamics within the system (heart rate, respiration, passive dynamics from gravity 
or inertia from limb movement, etc.).  CoP sway excursion, velocity and area are 
generally observed to increase with additional weight on the back during quiet stance 
(Kincl et al., 2002; Ledin et al., 2004; Ledin & Odkvist, 1993; Punakillio et al., 2003; 
Schiffman et al., 2006), but not always (Hellebrandt et al., 1944; Sako et al., 2004).  
Trunk angle has often been used to assess the effects of increasing loads on the torso; 
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increasing loads on the back tends to increase forward flexion angle (Bloom & 
Woodhull-McNeal, 1987; Harman, et al., 1999, 2000), while loads placed on the legs 
have no effect (Anker et al., 2008).   
Although significant information with regards to the workings of the nervous 
system has been provided via studies of quiet stance, it offers relatively little insight on 
the behavioral dynamics of movement.  The context conditioned variability seen in 
human movement (Kugler & Turvey, 1987; Latash, 2008; Marsden, et al., 1983; McIlroy 
& Maki, 1995) precludes relevant findings from experimentation using tasks not 
involving motion (Fitch et al., 1982; Iberall & Sodak, 1987; Riccio, 1993; Turvey et al., 
1990; Van Emmerik & Van Wegen, 2000).  For example, static marksmanship has been 
fruitful in studying the postural control capabilities of the entire system on a highly 
precise task, but it shouldn’t be expected that the results from these efforts to transfer 
over to dynamic reactive shooting (Reed, 1982).  Moreover, quiet stance is rarely “quiet” 
(nor well defined) and visual interactions with the environment (Bardy et al., 1999; 
Warren, 2006) and cognitive manipulations (Mitra, 2003, 2004) cause changes in CoP 
dynamics.   
In fact, variability in the human system is known to provide necessary 
information for task performance (Balasubramaniam et al., 2000; Kugler & Turvey, 
1987; Riccio & Stoffregen, 1988; Riccio, 1993; Van Emmerik & Van Wegen, 2000).  
The classic example comes from Bernstein’s observation that workers hitting anvils with 
hammers demonstrated large variability in the trajectory of the hammer as well as the 
joint kinematics (Bernstein, 1947), (Figure 1.3).  With this large variation in the working 
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point trajectory (hammer) and joint kinematics, the place on the anvil where the hammer 
struck was essentially invariant (equifinality).   
This led Bernstein to suggest that it was this variability that allowed the system to 
adapt to changes in the environment, and that the concept of a motor program for calling 
up specific muscular instructions for action was unlikely given the variability seen in 
goal-directed movement.  This type of variability in goal-directed performance has more 
recently been termed “motor abundance” (Latash, 1993; Scholz & Schöner, 2000; Scholz 
et al., 2001; Scholz, et al., 2007) and is thought to be critical in the ability to perform 
tasks under simultaneous internal and external system constraints.  Again, the importance 
of relevant tasks and the understanding of context specific functional synergies to achieve 
these tasks in experimentation can not be overstated. 
 
Figure 1.3: Motor Abundance in goal-invariant performance 
1.4.3 Summary of Historical Approaches on the Impact of Warfighter Load 
Neither global measures alone, nor intrinsic variables in the absence of tasks 
provide the data necessary to understand the behavioral consequences of increasing 
Warfighter load.  The former approach addresses only the result of human movement, 
and the latter fails to link the key dynamics to goal-oriented behavior.  An approach is 
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required that acknowledges the primacy of the goal-directed task performance (Bernstein, 
1996; Turvey, 1990, 2007), but couples key dynamics to those goals in a manner 
allowing assessment of how performance is achieved (Chiel & Beer, 1997; Kelso, 1995; 
Kugler & Turvey, 1987).  This type of information would be extremely useful for those 
developing and integrating technology on the Warfighter as well as tactical commanders 
determining the combat load requirements.   
Ecological Task Analysis (ETA) provides such an approach, and acknowledges 
the coupling of key system dynamics to goal-directed outcomes (Reed, 1982, 1986; 
Riccio & Stoffregen, 1988; Riccio, 1993).  Efforts to assess combat load must couple 
movement with key combat tasks, such as marksmanship (U.S. Army Small Arms 
Capabilities-Bases Assessment, 2007).  This would provide important information and 
insight into the effects of load on the interaction of gross and precision control of 
movement in an operationally relevant manner.  
   1.5 Ecological Approach to Human Movement 
The ecological approach to movement acknowledges the mutual reciprocity 
between actor and environment, specific to the task performance (Dewey, 1896; Fitch et 
al., 1982; Riccio, 1993).  Physical and visual coupling between the actor and environment 
(Turvey et al., 1978; Turvey et al., 1990) and perception within the actor (Riley et al., 
1998; Riccio, 1993) provide the necessary information for constraining the degrees of 
freedom in goal-directed movement (Warren, 2006).  Perception is fundamental in this 
approach, providing task relevant information to the actor (Bernstein, 1947; Horak & 
McPherson, 1993; Lee & Lishman, 1977; Kugler & Turvey, 1987), constraining the 
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many degrees of freedom in the human neuromuscular system towards the relevant, goal-
directed action.   
It is imperative to understand the nesting of actor in environment (Reed, 1982; 
Riccio, 1993; Van Emmerik, 2007) and nested dynamics within the actor at different time 
scales to undertake this approach (Marder & Boucher, 2001; Riccio & Stoffregen, 1998; 
West & Griffin, 1998).  It has been well documented that quantitative consistency at the 
“atomistic” nested levels doesn’t necessarily represent consistency at the level of task 
dynamics (Kelso, 1995; Mottet et al., 2001).  In fact, many suggest that variability at the 
“lower levels” (shorter time scales) are required for the consistency (Haken, 1986; Mottet 
et al, 2001; Riley et al., 1998; Riley & Turvey, 2002) and information (Fitch et al., 1982; 
Riccio & Stoffregen, 1988; Van Emmerik, 2007) necessary for successful action.  It is not 
inconceivable that combat load may reduce the ability to attain this information by 
restricting movement through both physical and functional means.  In fact, reductions in 
available degrees of freedom (reduced motor abundance) may contribute significantly to 
degradation of action under combat load.  
1.5.1 Nested Systems of Action and Perception 
Recognizing the key role of perception and the relationship between animal and 
environment at many spatio-temporal scales for action (e.g., movement trajectories, Base 
of Support (BOS), gaze, perceptual “loops”) is essential to understand its behavior (Bak, 
1996; Mitra, 2003; Reed, 1996; Turvey & Shaw, 1995; Van Emmerik, 2007).  Perceptual 
systems nested at different levels in the goal-directed postural transitions for action, are 
necessary for successful completion of the task (Mulavara & Bloomberg, 2002; Riccio, 
1993; Warren, 2006) (Figure 1.4).   Differences in the arrangement of the multi-jointed 
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human system provide different opportunities for action related to performance (Hsu et 
al., 2007; Kaminski, 2007; Riccio & Stoffregen, 1998).  For example, modifications in 
the BOS afford different movement within the kinematic chain in realization of different 
postures.  Physically coupled items and changes in terrain (support surfaces) are primary 
constraints on the intrinsic dynamics of the system itself (Chiel & Beer, 1997; Dickenson 
et al., 2000; Warren, et al., 1986).   
Manual tasks are embedded in the overall orientation of the system, and 
modifications to posture based on the environment modulates manual task performance 
(Arutyunyan et al., 1968, 1969; Kaminski, 2007; Scholz et al., 2000).  Interactions 
between these “sub-systems” afford multiple ways to realize the same goal (motor 
abundance), but also serve to constrain the system (Duarte & Zatsiorsky, 2002; Fitch et 
al., 1982; Kantor et al., 2001).  This mutual reciprocity between actor and environment 
(specific to the task) provides the means by which the Degrees of Freedom (DoF) are 
constrained by the task and environment (Degrees of Constraint, (DoC)), limiting the 
manner in which the goal may be achieved.   
The entire kinetic chain is modulated for visual perception during complex 
movements and precision task performance (Bardy et al., 2000; Horak & McPherson, 
1993; Lee et al., 1997; Oudejans et al., 1996; Peters et al., 2006).  Clearly, different 
movement types (smooth, periodic, ballistic) and physically coupled items (helmets, 
backpacks, and rifles) have the potential to modify the manner in which the goal is 
achieved spatially and temporally.  For Warfighters, this may mean a reduction in 
performance, a temporal penalty for achieving the task, or some combination of both (e.g. 
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speed-accuracy trade off).  Understanding these trade-offs is of significant importance to 
those developing, fielding, and employing combat equipment.  
 
Figure 1.4: Nested Systems approach to task analysis and necessary interactions 
within and between action and environment, specific to task.   
 
Proprioception is key for intrinsic dynamics and the development of synergies in 
movement.  Exteroception (the perception of the surrounding environment) and 
exproprioception (perceptual relations of actor - environment) are important in ensuring 
the animal is appropriately aligned with and organized for the specific goal-directed 
behavior within the environment (Bernstein, 1996; Lee & Lishman, 1977; Fitch et al., 
1982; Turvey et al., 1990).  The intrinsic dynamics of the system are coupled to the 
environmentally relevant information, representing the time evolving constraints for 
performance that result in successful action (Kelso, 1995; Kugler & Turvey, 1987).  In 
the absence of these coalitions between actor and environment (or weaker coupling 
between them via degraded perception or loss in degrees of freedom), performance may 
be diminished (Turvey et al., 1978).  This has been demonstrated in the investigation of 
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perceptual losses in neuro-degenerative diseases (Horak & McPherson, 1993; Scholz et 
al., 2007; Van Emmerik & Van Wegen, 2000), and is extremely relevant (though 
uninvestigated) with regards to the effects of Warfighter equipment.   
This perceptual information provides the boundary constraints for action in the 
environment (Kelso, 1995; Kugler & Turvey, 1987; Lee & Lishman, 1977; Turvey et al., 
1990).  Relations between the dynamics of the system and these boundaries represent key 
information in task space for action.  Modification at any level changes the dynamics of 
the system, and the manner in which it is able to realize its goals (Krishnamoorthy et al., 
2005; Riccio & Stoffregen, 1988; Warren, 2006).  This context conditioned variability 
provides the very means to successfully perform tasks under a wide variety of 
circumstances (Bardy et al., 2009; Berkinblit et al., 1986; Feldman, 1986; Mitra, 2003).  
1.5.2 Warfighter Tasks in an Ecological Context 
Despite the success in achieving desired performance multiple ways (motor 
abundance), there are limits to the realizability of human movement.  Biomechanical, 
neural, environmental, and task constraints all impose limitations for success (Turvey & 
Shaw, 1995; Van Emmerik, 2007).  Physically coupled load requires and produces 
significant inertial and interaction forces (Cusumano & Cesari, 2006; LaFiandra et al. 
2002; LaFiandra et al., 2007) that must be regulated for successful performance 
(Bernstein, 1935, 1947; Latash, 1993).  The effects of Warfighter load and its distribution 
has not been addressed in an ecological/operational manner.  However, as reviewed, there 
is a plethora of data on the intrinsic dynamics of locomotion and posture with load that 
provides information fundamental to the understanding of this coupling.   
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Previous efforts have separately studied performance of gross (e.g. locomotion 
and posture; Hasselquist et al., 2004; Knapik et al., 1996; Norton et al., 2002) and 
precision movements (e.g. marksmanship; Ashby et al., 2009; Knapik et al., 1993; 
Montague, 1958).  The need to couple these within the precision-postural task of 
marksmanship is necessary to gain insight into the problem of Warfighter load.  
Ecological Task Analysis can be used to assess load effects on gross and precision 
movement as well as the interaction between these movements in relevant tasks.  As the 
key tenants for combat marksmanship and survival are “Shoot & Move”, reactive 
marksmanship would seem a fruitful vein in which to assess effects of Warfighter load.  
As movement (Lee & Lishman, 1977; Sidaway et al., 1989; Peters et al, 2006) and 
marksmanship (Janelle et al., 2000; Niinimaa &McAvoy, 1983; Tharion & Obusek, 
1999; Zatsiorsky & Aktov, 1990) are explicitly tied to the visual system, load interactions 
which affect vision are critical.   
1.5.2.1 Dynamics of Movement and Vision 
Movement is both constrained and driven by visual information, specifically 
related to task performance (Lee & Lishman, 1977; Sidawa, et al., 1989; Turvey et al., 
1990).  Visual guidance of gross actions of running, landing, stepping (Buckley et al., 
2008; Libermann & Goodman, 1991, 2007; Santello & McDonough, 1998; Santello et 
al., 2001; Warren et al., 1986) and precise control of aiming, reaching, and shooting 
(Aalto et al., 1990; Balasubramaniam et al., 2000; Goodman et al., 2009; Haddad et al., 
2007; Kaminski, 2007; Mottet et al., 2001; Scholz et al., 2000) has been well described in 
existing literature.  Treadmill locomotion may not require significant visual attention, but 
navigation over terrain requires specific information for establishing a dynamic BOS and 
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shock attenuation relative to the changing environment and upcoming movement 
(Dickenson et al., 1998; Lee & Lishman, 1977; Timmis et al., 2009 Warren et al., 1986;).  
During landing tasks, visual information is important for “tuning” the motor system in 
preparation for landing (Libermann & Hoffmann, 2005; Libermann & Goodman, 1991; 
Santello et al., 2001).  For the Warfighter, helmet loads may cause greater movement of 
the head during movement, impacting the acquisition and identification of threats.  
Examination of landing appears to be a relevant experimental paradigm for the issue of 
Warfighter load, as it is essentially a transition from dynamic movement to static posture. 
The need to attenuate forces during landing appears to be a primary driver for the 
observed kinematics, with increases in height substantially modifying postural dynamics 
(Thompson & McKinley, 1995; Zhang et al., 2008).  While the human system can 
attenuate head accelerations during locomotion, it appears that this is much less true 
during landing (Zhang et al., 2008).  Given the importance of “a stable platform” for 
visual, vestibular, and aural information (Bloomberg et al., 1992; Horak & McPherson, 
1993; Mulavara et al., 2002; Warren et al., 1986), this may be of critical importance 
given the dynamic movements of the Warfighter in combat.  While gross and precision 
motor tasks are usually segregated experimentally, recent efforts using ETA combine 
them for a more functional understanding of movement (Haddad, 2006; Haddad et al., 
2007; Whittlesley, 2003).  While the role of vision is fundamental for movement, other 
environmental “cues” may attract Warfighters’ gaze (i.e. threat areas).  This may 
necessarily preclude optimal use of vision for action, reducing the effectiveness of 
ongoing or impending reactions to an identified threat. 
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1.5.2.2 Dynamic Visual Acuity 
The ability to resolve detail when relative motion exists between actor and 
environment is necessary for everyday decision making (e.g., driving) (Banks et al., 
2004), and may be critical for Warfighters in combat (e.g., threat detection).  Existing 
data demonstrates the reduction in dynamic visual acuity (DVA) with movement 
(Bloomberg et al, 1992; Hillmans et al., 1999; Peters & Bloomberg, 2005).  Detrimental 
effects of increased frequency of movement (Hirasaki et al., 1999; Lee et al., 1997), 
target size (Hirasaki et al., 1999; Peters & Bloomberg, 2005), and distance (Moore et al., 
1999; Peters & Bloomberg, 2005; Peters, 2006) on DVA have been characterized for 
treadmill locomotion and head rotation in static postures.  Like other nested systems, 
coordination of the eye/gaze on target is modulated by functionally distributed degrees of 
freedom as well as local reflex mechanisms (Ito et al., 1997; Moore et al., 1999; Peters, 
2006). 
Moreover, recent locomotion studies have demonstrated a difference in DVA 
within the gait cycle (Mulavara et al., 2002; Peters & Bloomberg, 2005; Peters, 2006), 
with reduced DVA at heel strike (high frequency/impact phase).  The effects of combat 
load on the postural affordance of gaze/DVA could be severe, especially considering the 
increased accelerations/decelerations seen with combat load (LaFiandra et al., 2007).  
This may be especially true given the increasing weight of helmet systems (Dean, 2003; 
LaFiandra, 2007; U.S. Army Infantry Load Update, 2009), and the reduced ability to 
attenuate shock during high impulse movements and the associated frequency spectrum 
of the head (LaFiandra, et al., 2007; Zhang et al., 2008).  Unlike treadmill locomotion; 
movement over terrain in combat is likely to be less predictable and more impulsive.  The 
 22 
 
ability to control gaze behavior would seem critical to Warfighter survival for 
identification and reactive movement to threats (concealment or engagement). 
1.6 Statement of the Problem  
This dissertation seeks to address a problem of significant importance for 
Warfighter survival and performance using an Ecological Task Analysis.  Warfighters are 
expected to move dexterously and establish postures for precision shooting.   However, 
there is little understanding of the effects of increasing combat load on the establishment 
of these postures necessary for success.  In this approach, marksmanship is a nested focal 
task within the larger postural dynamics that emerges as a result of the physically coupled 
load (combat equipment) and visually coupled information (target identification, support 
surface characteristics, etc).   
There has been little research on the regulation of movement with regards to 
combat marksmanship by the Department of Defense, despite its identification as a 
critical task.  This knowledge gap precludes understanding of the coordination involved 
in the dynamic transition from movement to marksmanship posture under the range of 
loads worn by the Warfighter.  Understanding the basis for establishment of posture and 
marksmanship performance should provide significant insight for senior decision makers 
in the Department of Defense with regards to; Tactics, Techniques, and Procedure 
(TTPs), Equipment Acquisition (design and trade-off information), and Requirements 
Generation (Key Performance Parameters (KPPs) for the human system).  For example, if 
segmental loading is found to cause reduced accuracy and increased time to fire, it may 
be taken into account during fielding and operational employment decisions. 
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Moreover, interactive control of postural and manual tasks, consequences of task 
constraints, reduced motor abundance, and the regulation of movement transitions are 
significant areas of study within motor control, neuroscience, and ecological psychology.  
This model task of precision performance within larger timescale dynamics of postural 
establishment should provide significant insight into the multiscsale dynamics and 
allometric regulation necessary for successful execution of the task.  The means by which 
the emerging movement dynamics occur under different constraints can provide 
significant insight into the ongoing neuromechanics of the system that may be applicable 
to other functional tasks.  Given the severity of consequences to the Warfighter for 
reduced performance in the face of increasing load, we approach the problem from an 
ecological / operational context throughout this effort.   
The research entailed in this dissertation seeks to establish a “model task” to 
further understand the effects of combat load on perception-action dynamics and the 
establishment of marksmanship posture in an ecological / operational context.  
Understanding of the coordination necessary for transition from dynamic to static posture 
serves as the initial step for a broader understanding of the effects of combat equipment 
during critical Warfighter performance tasks.  Moreover, it provides more generalizabile 
insight into the dynamic regulation of movement and functional performance applicable 
to other tasks outside the military.  Data culminating from this work should provide 
initial information to decision makers that will hopefully lead to greater survivability and 
more Warfighters returning safely home.  Additionally, the research entailed in this 
document should contribute more broadly to the existing body of literature on 
coordination and regulation of movement as a time-evolving dynamical system. 
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The stepwise approach taken in the three studies below attempts to progressively 
understand the dynamics involved in the establishment of posture necessary for 
successful performance of a postural and suprapostural task.  Initially, a landing task is 
used as a viable, intentional, and ecologically relevant perturbation to the system with 
regards to the ability to establish an upright posture under different physically coupled 
loads.  Next, reactive marksmanship with a static base of support is used to explore the 
dynamics of precision focal performance of this nested synergy within the larger postural 
dynamics under various physically coupled loads and visually coupled target positions.  
Finally, these two actions are combined, as they would be in real life, in an attempt to 
understand the nature of the Warfighters’ ability to establish the focal synergies necessary 
for marksmanship within the dynamic establishment of upright stance.  Observing the 
interaction between the need to establish upright posture and perform a nested precision 
task accurately and quickly should offer significant insight into the overall constraints on 
the system, as well as deeper understanding of the consequences of combat equipment on 
the perception-action coupling during this model task. 
1.6.1 Study One: Establishing Upright Posture in Landing under Load 
This experiment attempts to understand the interaction of load and its distribution 
during a transition from dynamic to static posture.  A landing task with four different 
equipment configurations (in the absence of any other explicitly specified task) should 
provide the intrinsic dynamics necessary to understand changes in the coordination when 
explicit tasks are introduced in later efforts.  In the absence of this fundamental 
understanding, the difficulty in interpreting the effects of intentional constraints (i.e., 
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adding the precision aiming task to this fundamental establishment and maintenance of 
posture) increases dramatically (Kelso, 1995).   
The load configurations in this study are as follows; 1) Weapon - holding weapon 
only (Weapon; W), 2) Weapon and Helmet condition (Helmet; H), 3) Weapon, Helmet, 
and Loaded Ballistic Vest condition (Vest; V), and 4) Weapon, Helmet, Vest, and 
Backpack condition (Pack; P).  The vest and small backpack will be loaded with a 
standard issue of equipment for infantry tasks appropriately arranged (magazines, 
grenades, radios, batteries, hard and soft armor systems).  Configuration weights are 
found in Table I, more specific system weights and configurations are found in Appendix 
D (Load-Out Weights and Configurations).  
 
Table 1.1: Study 1 Load Configuration and Weights 
 
1.6.1.1 Research Questions 
What is the effect of equipment configuration on postural regulation during a 
landing task?  Specifically, do different combat equipment configurations affect the time 
to establish upright posture during a landing task?  How are the overall dynamics of 
establishing posture differentially regulated during landing performance under different 
load configurations?  What are the changes in head orientation and how are the head and 
trunk coordination to maintain visual capability during landing under combat load?  
Configuration     Item Weight (lbs.)     Cumulative Weight (lbs.) 
Weapon (W)     5.00                         5.0 
Helmet (H)                3.50                8.5 
Vest (V)                47.7                56.2 
Pack (P)                     23.0               79.2 
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1.6.1.2 Rationale 
The temporal consequences of load configuration on Warfighters’ ability to 
establish upright posture provides a fundamental understanding of their ability to 
successfully and quickly execute sequential or parallel tasks (i.e., marksmanship, visual 
scanning, etc.).   The evaluation of the key intrinsic dynamics will provide insight into 
“what” must be further regulated during landing when another intentional task, such as 
marksmanship, is added.  Observation of postural dynamics should provide insight into 
the adaptability of the emergent regulation necessary for successful establishment of 
posture during landing with changes in equipment configuration.   
1.6.1.3 Hypotheses 
1a. The need to attenuate shock propagation through the kinetic chain during 
landing will result in increased Time to Establish (TtE) upright posture as the total weight 
of the system increases.  Additionally, the functional constraints on the available degrees 
of freedom and modification to the dynamics of posture via load and its distribution will 
interact to further increase TtE upright posture.  
 
1b. As the challenge to establish upright posture increases with equipment 
configuration, CoP dynamics are expected to reflect the increasing challenge in attaining 
upright posture via increased regulation within the system.  Specifically, a shift to higher 
frequencies in the CoP dynamics is expected, as the configurations cause establishment 
of upright stance to become more challenging to achieve.  A shift to higher frequencies is 
hypothesized based on; 1) necessary increases in the oscillations of the underlying 
regulatory processes necessary for similar segmental motion (landing) under increased 
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load (e.g. regulation of the increased inertial and interactive forces) and 2) the greater 
regulation required when the system’s proximity to front boundary occurs under 
increasing load. 
 
1c. Given the importance of maintaining visual perception specific to the task 
during movement, we expect the progression of head orientation (head in space) to be 
maintained across equipment configurations during landing via regulation of trunk-head 
coordination.   
 
1d. Due to the additional constraints imposed on the system as a function of 
increasing load, we expect the variability of head orientation to decrease given the loss of 
flexibility within existing degrees of freedom (reduced motor abundance). 
 
1e. The need to maintain ecological realism and operational relevance in this 
study requires inconsistent increments of load weight and distribution between 
configurations.  Although this precludes global predictions of trends within the 
hypothesis, Table II provides specific predictions with regards to the dependent variables 
for the above hypotheses.  Generally, we expect that the difference between Weapon (W) 
and Helmet (H) conditions will be non-significant, given the small increment of weight 
(3.5 lbs.) and the fact that all subjects are accustomed to wearing ballistic helmets.  Given 
the large increase in weight from the W and H conditions to the Vest (V) and Pack (P) 
conditions; we expect significant changes between the W / H conditions and both V and 
P conditions.  Given the difference in both weight and distribution between the V and P 
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conditions, we generally expect significant differences to exist between these 
configurations as well. 
 
 
Table 1.2: Specific Predictions for Study 1 Hypotheses 
 
 
1.6.2 Study Two: Segmental Loading and Manual-Postural Interactions in Precision 
Aiming Tasks 
This experiment attempts to understand the basic coordination of reactive combat 
shooting, and the postural-suprapostural interaction between load, its segmental 
distribution, and target position.  Operationally realistic loads will be evaluated from a 
standing posture where subjects must fire at known target positions from the low-ready 
position (Appendix E; Procedural Set Up).  These four loading conditions will differ from 
Study 1, and are specifically chosen to understand the impacts of load on key segments 
for this precision task (Torso, Head, and Arm/Gun “segment”).  Targets will be placed in 
two positions; directly in front of the subject (“front” target (FT)), and above and to the 
left of the subject (“high” target (HT)).  Not only do these positions represent realistic 
aiming positions for Warfighters in combat, but they provide the means to understand the 
Hypothesis      Predictive Relations between Configurations 
1a. TtE   W=H  W << V <P         H << V <P 
 
1b. CoP Frequency  W=H   W << V <P         H << V <P 
      Distribution  (Shifts to higher frequency with load) 
 
1c. Head Orientation  W  =  H  =  V  =  P 
       
1d. Head Orientation  W=H  W >> V > P         H >> V > P 
      Variability 
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interactions and constraints of the system under different postural loading and focal task 
requirements.   
The four equipment configurations for this study are as follows: 1) Unloaded 
(UL): weapon only; 2) Standard (STD): Weapon, Helmet, and Ballistic Vest/Assault 
Pack; 3) Night Vision Goggle (NVG): STD configuration with Night Vision Goggles; 
and 4) Upper Extremity (UE): STD configuration with upper extremity armor.  In the UL 
condition a mock weapon is the only load carried.  The STD load is in accordance with 
operational load out procedures for short patrols or Military Operations in Urban Terrain 
(MOUT) scenarios.  Addition of the load to the helmet (NVG) provides a realistic 
perturbation to the head segment as would be seen in combat operations, and allows us to 
evaluate the consequences of this increased inertial load on dynamic movement of the 
head during a task requiring dynamic visual acuity.  Addition of the extremity armor 
provides insight into loading of the arm/gun “segment” and the consequences on 
performance.  Configuration weights are found in Table III, more specific system weights 
and configurations are found in Appendix D; Load-Out Weights and Configurations.  
 
Table 1.3: Study 2 Load Configuration and Weights 
 
 
 
1.6.2.1 Research Questions 
How are the Warfighters emergent movement dynamics regulated differently in 
order to realize successful coupling of postural-manual performance during a precision 
Configuration     Item Weight (lbs.)     Cumulative Weight (lbs.) 
        UL                 10.3                         10.3 
        STD                 72.0              82.33 
        NVG                        1.5                83.83 
        UE                 4.88              87.21 
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task under the interactive constraints of segmental loading and target location?  
Specifically, what impact does changing task condition have on the speed and accuracy 
of marksmanship performance?  How are changes in the regulation of postural-focal task 
interaction reflected in CoP dynamics?  Does loading the body in different ways decouple 
postural and focal tasks, such that their dynamics are less coordinated?  How does the 
body regulate the timing of head-trunk-gun relations to achieve the task under these 
different constraints? 
1.6.2.2 Rationale 
As load weight and its distribution modify the postural affordances within the 
system, various loads will have different effects on the ability to access optimal postural 
states for marksmanship.  Constraints on the postural system via load and its distribution 
and the changing focal task requirements (target position) will require different 
interactions between postural (trunk) and focal dynamics (head and end effector) for 
success.  Load effects will not only be physical with regards to the restriction in the range 
of motion of specific joints and inertial contribution to movement, but functional as well.  
This functional restriction will be related to the need to co-regulate the loads within the 
base of support and in relation to each other while seeking to successfully perform the 
task.  This effort assesses the ability of a differentially challenged system to achieve 
precision aiming performance in conditions of reduced motor abundance (i.e. assesses the 
functional realizability of the system under different ecological task constraints). 
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1.6.2.3 Hypotheses 
2a. Loading the system will have consequences for speed and accuracy 
performance specific to the combination of configuration and target position.  As this task 
is similar to others involving a speed-accuracy trade-off, we expect; 1) time to perform 
the task will increase to maintain accuracy, 2) accuracy of performance will decrease to 
maintain time, or 3) some combination of reduced accuracy and increased time will be 
observed with additional loads.  
 
2b. CoP dynamics will reflect the increasing challenge of maintaining necessary 
posture with changes in segmental loads and target positions.  As both load and target 
position has consequences for postural regulation, these measures will help us examine 
the challenge to the overall dynamics of this postural-focal task performance.  
Specifically, we expect a shift to higher frequencies in the CoP dynamics with increasing 
loads, and at the high target condition.  Rationale for this hypothesis is similar to that in 
Study One, as shift to higher frequency is necessitated by the need to regulate segmental 
and overall postural movement with greater loads. 
 
2c. With increases in load and the challenge to regulate movement during the 
task, we expect postural dynamics to be reflected to a greater degree in the focal task 
performance.  Focal dynamics will increasingly reflect the postural dynamics of the 
system as overall task difficulty increases (i.e. focal dynamics will be less inter-active 
and more acted upon by postural fluctuations).  
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2d. No data exists on gun-trunk-head coordination or relative motion between the 
helmet and head/gaze during dynamic marksmanship performance.  Examining the 
interaction between postural load (Vest & Pack) and focal loading (head and end 
effector/upper extremity) will provide great insight into the consequences of loading 
segments that are critical to marksmanship performance for different operationally 
realistic targets.   
 
2e. As in Study 1, an ecological / operationally relevant approach was taken in the 
selection of segmental loading and target position that precludes global predictions of 
trends within the hypotheses.  Table IV provides specific predictions with regards to the 
dependent variables for the above hypotheses.  Generally, we expect that the difference 
between Unloaded (UL) and Standard (STD) conditions will demonstrate that dynamic 
reactive marksmanship with postural load reduces marksmanship performance (the 
functional realizability of the system).  We expect to observe reduced performance at the 
high target (HT) compared to the forward target (FT).  With regards to the segmental 
loading of the head (NVG) and end-effector/upper extremity (UE), there exists no basis 
for predicting which segmental loading will be of greater detriment as they both 
contribute significantly and couple strongly in the attainment of this precision aiming 
task.  
1.6.3 Study Three: Manual Aiming Performance during Dynamic Transitions of 
Upright Posture 
This experiment builds on the foundation established in Studies 1 and 2, 
combining the tasks of landing and marksmanship in a more realistic manner.   
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Table 1.4: Specific Predictions for Study 2 Hypotheses 
 
 
Subjects will land from twenty-four inches, identify the initial target via a dynamic visual 
acuity task, and fire on both targets in the indicated sequence.  The concatenation of the 
previous two efforts into a single task fundamentally changes the system dynamics and 
the manner in which postural and suprapostural tasks interact to achieve this new, more 
complex task.  Modifications to load on specific nested sub-systems (trunk, head, and 
upper extremity) may change interaction dynamics of the global system (trunk on lower 
extremity, head on trunk, and gun on trunk relative to head).  Adding precision 
marksmanship into the landing task imposes a significant constraint on the system that 
fundamentally changes how the system must interact to perform both tasks together.  As 
such, we expect to observe significant alteration in the manner in which each of these 
sub-tasks (establishing upright stance and marksmanship) is performed during this new 
dynamic task.   
Hypothesis      Target  Predictive Relations between Configurations 
2a. Marksmanship  FT/HT  UL >> STD > NVG UL>>STD>UE 
      Performance   
      (Speed-Accuracy)    - UE v NVG = UNK both target conditions 
      - FT > HT for all configurations 
      - Speed v Accuracy Trade-off  Unknown 
 
2b. CoP Frequency  FT  UL<<STD<NVG UL<<STD<UE 
      Distribution    (Shifts to higher frequency with load) 
      (Shifts to higher frequency for HT) 
       
2c. Focal De-coupling  FT  UL<<STD<NVG UL<<STD<UE 
      from Postural     UE > NVG       
      (Average Mutual Information)  HT>>FT 
 
2d. Segment Relations FT/HT  Sequential movement cessation 
       (Coupling/Phasing)   Modifications with Load Unknown 
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The three configurations for this effort were selected to provide operationally 
relevant information as well as a means to manipulate load and its distribution in a 
consistent manner.  The three conditions are Unloaded (UL; weapon only), Lightfighter 
(Light), and Standard Load (STD); the weights for these systems may be found in Table 
V.  The Unloaded and Standard configurations are the same as those in Study Two.  More 
specific information on the configurations and equipment used may be found in 
Appendix D (Load-Out Weights and Configurations).  The Light load specifically seeks 
to contrast the consequences of excessive loading (Standard Load) on the Warfighter 
during this dynamic transition from movement to a precision task.  Assessing the 
potential gains in Marksmanship speed and accuracy should establish insight into the 
functional realizability of the Warfighter in combat under different loads.  The Light 
condition will be based on the minimal “fire load” (Marshall, 1949), and will consist of 
the M-4 carbine, lightweight armor plate carrier and soft armor, lightweight helmet, 
assault pack, and the usual complement of magazines and grenades for small unit 
operations with reduced weights.  
This paradigm provides a specific comparison with regards to the decrement in 
reactive combat marksmanship that must be traded for the addition of advanced 
technologies in terms of Warfighter performance.  Moreover, this approach seeks to 
establish a greater understanding of the underlying dynamics and how they may be used 
as explanatory means for the observed performance.   
Table 1.5: Study 3 Load Configuration and Weights 
 
 
Configuration     Cumulative Weight (lbs.)  
       UL                  10.3         
       Light                  54.33               
       STD                  82.33       
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1.6.3.1 Research Questions 
What are the consequences of additional ballistic protection and advanced 
technologies on the establishment of posture and reactive marksmanship?  Specifically, 
how does this additional load affect the TtE posture, performance time, and accuracy of 
marksmanship?  How does the increased load in these configurations affect the functional 
realizability and adaptability of the system?  How are head-trunk-gun coordination 
dynamics modified with load and target position?   How does the burden of equipment 
and manner of postural establishment affect Dynamic Visual Acuity (i.e., the time to 
identify the target)? 
1.6.3.2 Rationale 
Everyday focal tasks are completed with precision while the body is in motion 
(i.e., opening a door, grasping an object, throwing a baseball on the run, etc.).  The 
dynamic interaction between gross movement and the precision movement dynamics are 
poorly understood under realistic conditions.  More specifically, there have been no 
efforts to date in the Department of Defense to specifically understand marksmanship and 
the effects of equipment load/configurations in a quantitative and operationally relevant 
manner.  Landing within the intentional dynamics of marksmanship will provide insight 
into the limitations of neuromuscular regulation during this dynamic movement 
transition, and the effects of inertial, gravitational, and interactive forces of different 
segment loads on the system.   
Moreover, this approach will directly assess the consequences in operational 
performance that result from the extra burden of advanced technology on the Warfighter 
during a critical task.  This approach will not only reveal the “bottom line” performance 
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of transition from movement to static posture and speed-accuracy on target, but also key 
segmental relations and the underlying system dynamics that demonstrate in what manner 
they emerge.  These dynamics have consequences for performance which we will attempt 
to ascertain through comparison of the dynamics in relation to the observed performance 
metrics.  This information can help in design, decision making, requirements generation, 
and operational employment of different configurations.  Additionally, this approach 
provides insight and a methodological approach to the interaction of postural and focal 
task performance in the everyday control and coordination of action in healthy 
individuals as well as those afflicted by a variety of neuromuscular diseases.   
1.6.3.3 Hypotheses 
3a. The heavier systems will have greater consequences for performance.  As this 
task is similar to others involving a speed-accuracy trade-off, we expect; 1) time to 
perform the task will increase to maintain accuracy, 2) accuracy of performance will 
decrease to maintain time, or 3) some combination of reduced accuracy and increased 
time will be observed with additional loads.  
 
3b. Warfighter flexibility (functional realizability and ability to transition) will be 
reduced as equipment is added.  This reduced adaptability will be reflected in greater 
times between firing at the two sequential targets.  These switch time dynamics will 
reflect the increased requirement to regulate greater inertial contributions as well as the 
“stability” of the system dynamics in different load-target task conditions.   
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3c. No data currently exists on gun-trunk-head coordination or relative motion 
between the helmet and head during dynamic marksmanship performance.  However 
results from experiment 2 should provide insight into segmental phasing and coordination 
during marksmanship.  As the two loaded conditions in this study (Light and Standard) 
are symmetric with regards to distribution, we seek to determine the effects of this 
increased inertial load on the coordination of head-trunk-gun dynamics.   
 
3d. Dynamic Visual Acuity (DVA) will be reduced as load increases and high 
frequency wave propagation through the kinetic chain increases at the eye/head level.  
This will be reflected in increased time to identify (TtID) the correct initial target under 
greater loads. 
 
3e. As in the previous studies, an ecological / operationally relevant approach was 
taken in the selection of configuration and target position.  However, Study 3 provides a 
more systematic evaluation of the effects of configuration weight on marksmanship 
performance.  Table IV provides specific predictions with regards to the dependent 
variables for the above hypotheses.  Generally, we expect that, as weight is added from 
the Unloaded to Light to Standard configuration, dynamic reactive marksmanship 
performance is reduced (the functional realizability of the system).  Our intent is to 
quantify that degradation, and understand how we might understand the fundamental 
dynamics, given that multi-scale dynamics are necessary for successful performance. 
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Table 1.6: Specific Predictions for Study 3 Hypotheses 
 
 
 
 
 
 
 
 
 
1.7 Significance of this Study 
These studies are significant insofar as they approach the issue of combat load at a 
relevant level of dynamic task performance that is critical for Warfighter survivability.  
Previous approaches have; 1) used marksmanship as a metric for demonstrating the 
fatiguing effects of load and roadmarching, 2) have assessed postural control in static 
conditions free of goal-directed behavior, or 3) have assessed load effects on locomotive 
variables in the absence of specific combat tasks.  None of these approaches focuses 
specifically on marksmanship as a discrete skill nested within postural requirements, or 
on the necessary transition to an extremely constrained postural state from movement 
required for successful task completion.  Marksmanship is significantly constrained by 
the physically coupled load, segmental movement dynamics, and visually coupled tasks.  
This model task provides a non-arbitrary evaluation function for assessment of the 
changes in control and coordination dynamics in the context of the participant-
environment-task.  Without an ecological approach, one can not ascertain the specific 
coordinative relationships of this critical task and the effects of the load and environment 
on the emergent dynamic performance.   
Hypothesis       Predictive Relations between Configurations 
3a. Marksmanship   UL >> Light > Full 
      Performance   Speed v Accuracy v Both = Unknown 
     
3b. System Adaptability  Switch Time;  UL << Light << Full 
      (Functional Realizability)  High to Front Target << Front to High Target 
 
3c. Segment Relations FT/HT  Sequential movement cessation 
       (Coupling/Phasing)  Modifications with Load Unknown 
 
3d. Dynamic Visual Acuity  UL >>  Light >> Full  
       (Time to ID target)  
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The key purpose of the present dissertation is to provide an initial understanding 
of how the postural requirements of “movement to marksmanship” are established under 
different combat loads and task constraints, and how this suprapostural task is executed 
under these conditions.  This dissertation seeks to expand current research into more 
ecological experimentation (operationally relevant) for more complete understanding of 
the effects of Warfighter equipment on marksmanship performance; and the initial 
conceptual and analytical tools necessary for that research.  Additionally, this postural-
suprapostural “model task” provides a rich vein through which we can gain significant 
insight into many areas of human motor regulation, balance, action-perception coupling, 
coordinative dynamics, and other areas in the field of motor control.  Most importantly, 
the approach necessarily recognizes the actor-environment interaction in task space, and 
thus the focus on behavioral dynamics that result from this coupling.   
While this dissertation necessarily focuses on the initial “pick and spade” work of 
establishing a model task with modification to Warfighter load; future research will be 
executed on the combined effects of perceptual encapsulation (haptic, visual, and 
auditory), cognition (response to communication, shoot/no-shoot decision making, etc), 
and physiological stress (i.e. high respiratory rate and “fatigue”) in this model task for a 
richer and more operationally and ecologically relevant understanding of the effects of 
different constraints on the emergent dynamics of movement. 
1.8 Summary 
This dissertation offers three experimental studies, which conceptualizes the 
efforts in the Bernstein tradition through the levels of movement construction (Figure 
1.2) and seeks understanding at these levels prior to building upon them in more complex 
 40 
 
movements.  Study 1 examines the landing synergy under different loading conditions 
(level of synergies and space; B & C), Study 2 examines the interactive synergies (Levels 
B & C) in postural-focal task performance for goal directed action (level of action: D), 
and Study 3 examines the level of action (D) where both synergies (Level B) and visual 
spatial information is manipulated (level of space, exteroception, exproprioception) in 
performance of a complex sequential task.  Ecological task analysis and dynamical 
systems theory provide the foundation for the empirical approach to coupling between the 
participant and environment and the understanding of nested systems within a single 
conceptual framework in task space.  When combined, these approaches provide a sound 
perspective on the issues of combat equipment and the effects on Warfighter performance 
and survival. 
Load effects on Warfighter performance must be contextualized in relevant tasks 
(U.S. Army, Small Arms Capabilities-Based Assessment, 2007), and key movement 
dynamics must be specifically tied to their performance.  Historical data exists to support 
a move to a more ecological paradigm for studying Warfighter load.  This approach seeks 
to provide the data necessary for improved decision making.  Warfighters routinely carry 
more weight today than ever before (U.S. Army, Infantry Load Update, 2009).  This 
affects not only their immediate performance and survival (Ashby et al., 2009), but the 
risk of short term injury and long term disability (Knapik, et al., 1996).  For the 
Warfighters immediate and long-term well being, this trend must be reversed; not 
maintained or increased at an attenuated rate. 
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CHAPTER II 
LITERATURE REVIEW  
2.1 Theoretical Foundations  
2.1.1 Regulation of Action 
Regulation of posture and precision movements has been studied for quite some 
time, including the evaluation of postural sway data under different circumstances (Bardy 
et al., 1999; Gurfinkel et al., 1971; Massion et al., 1998; Nashner, 1977; Nashner & 
McCollum, 1985), Fitts-law paradigms of precision performance (Latash 1996; Mottet et 
al., 2001; Rosenbaum, 1991), and functional tests of static marksmanship incorporating 
both postural and focal interaction (Aalto et al., 1990; Arutyunyan et al., 1968, 1969; 
Mononen et al., 2007; Zatsiorsky and Aktov, 1990).  Traditionally, focal movements are 
considered those that are of a “supra-postural” nature, primarily involving precision 
manual tasks (e.g. reaching, pointing, aiming, grasping, etc.).  In many instances, the 
“control” of posture has been assessed during quiet stance or when quiet stance 
undergoes an external perturbation.  Both of these situations poorly represent real world 
goal-directed behaviors in so far as quiet stance is rarely a task unto itself, and 
perturbations in the form of moving support surfaces, moving rooms, or other “stimuli” 
fall short of the ecological realism necessary to understand functional movement (Reed, 
1982; Riccio & Stoffregen, 1988; Riccio, 1993; Woollacott & Shumway-Cook, 2002).  In 
many ways, these type of perturbation studies can be likened to Pavlov’s “physiology of 
reaction”, rather than the “physiology of action” proposed by Bernstein (Bernstein, 1935; 
Reed, 1982).   
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While there is no denying the amount of information on the inner workings of the 
neuromuscular system gained through these efforts, their application to functional tasks is 
more suspect.  There exists today an overwhelming amount of data that demonstrates the 
context-conditioned variability observed in both postural and “focal” studies of 
movement (Latash, 1996; Loeb, 2001; Nashner, 1977; Nashner & McCollum, 1985; 
Prochazka et al., 2000; Turvey et al., 1978; Turvey et al., 1982).  This context 
conditioned variability arises when the specificity of task and environment constrains the 
manner in which movement and its regulation occur (e.g. the corrective stumbling 
reaction).  As a result, the same task is achieved in many different ways even in an 
unchanging environment (Bernstein, 1935, 1947).  Moreover, studies that have examined 
the interactive dynamics of postural and focal movement support the notion that this 
distinction is a pedagogical one; given that both aspects of the singular task are co-varied 
to meet task requirements (Arutyunyan et al., 1968, 1969; Gelfand et al., 1971; Kaminski, 
2007; Scholz et al., 2007).  If we assume that the ultimate goal in movement sciences is 
to attain an integrated understanding of goal-oriented tasks, and we fully appreciate the 
indeterminacies (mechanical, physical, and physiological) of the neuromuscular system 
(Bernstein, 1935, 1947; Gelfand et al., 1971) we must necessarily approach existing 
problems in a less mechanistic manner (Goodwin, 1994; Kugler, et al., 1982; Meijer, 
2001; Yates et al., 1972; Yates, 1982;).  Using the Stimulus-Response (S-R) approach 
implies not only an anatomical/mechanical approach that isn’t supported; it simply does 
not do justice to the functional organization of action (Reed, 1982, 1986). 
The pedagogical separation between “postural” and “focal” tasks has resulted in 
much of the literature being segregated, rather than interactive in nature.  The interactive 
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dynamics between postural and focal tasks has been studied as early as the 1960s 
(Belenkii et al., 1967; Gurfinkel et al., 1971), and in marksmanship tasks (Aalto et al., 
1990; Arutyunyan et al., 1968, 1969; Era et al., 1996; Mononen et al., 2007).  The results 
of these studies clearly demonstrated that the human system co-regulates the postural and 
focal tasks specific to the overall goal of the system.  Since then, many studies have 
examined, and further demonstrated, that both “postural” and “focal” tasks are seamlessly 
integrated into a common action scheme to achieve the goal (Bardy et al., 1999; Marsten 
et al., 1982; Peters et al., 2005).  For many, these relationships are best described by 
Bernstein’s notion of synergies (Bernstein, 1947; Berkinblit et al., 1986; Kelso et al., 
1994; Latash, 1993). These temporarily assembled functional units, distributed for 
specific functional tasks and endowed with the natural ability to self-correct, provide the 
necessary construct to understand the organization of action.  Despite the common use of 
the term synergy in the literature, there are two distinct usages that lead down entirely 
different theoretical paths in understanding coordinated action.  From the neuromuscular 
perspective, synergies are specific anatomical parts arranged for movement or to counter 
perturbations in prescribed manner (e.g. specific muscles firing in “distal to proximal 
order”; Nashner, 1977, Nashner and McCollum, 1985).  The self-organizing perspective 
sees synergies as functional entities, not necessarily made of the same parts that are self-
assembled on the way to meeting the functional goals of the system (e.g. the “corrective 
stumbling reaction”; Bernstein, 1947; Latash, 1998). 
2.1.1.1 Neuromuscular Approach 
The neuromechanical approach generally ascribes to three primary notions; 1) 
hierarchical control, 2) a limited number of prescribed synergies that “emerge” as a result 
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of specific stimuli, and 3) experiments involving external perturbation to the human 
system (“S-R studies”).  In this context, a synergy is not as Bernstein described it (1947), 
but is simply the assembly of specific anatomical parts, in a prescribed temporal order 
(reminiscent of a motor program).  The prescription of anatomical parts relies on a 
hierarchical control scheme, leveraging heavily from an executive that “knows” exactly 
what must be done a priori or via servo-loops comparing the planned movement with 
some template for performance (Freidman & Stricker, 1976; Turvey & Shaw, 1995).  By 
measuring specific muscle group activity, and the order and magnitude in which they 
react to perturbation (e.g. movement of the support surface), unequivocal patterns are 
found that support the neuromuscular argument for control of posture.  From a strictly 
Bernsteinian perspective, this is exactly reminiscent of Pavlov’s Physiology of Reaction 
that provides relatively little to the understanding of goal-oriented, internally generated 
movement (Bernstein, 1935).  
There exist three major shortfalls in this approach that are well-documented in the 
literature; 1) specific anatomical focus, 2) experimental artifact, and 3) the notion of 
limited “synergies” available to a perturbation.  Perhaps the best example of the 
neuromuscular approach is the “Ankle-Hip” strategy for postural control in response to 
support surface perturbations (Nashner, 1977, Nashner and McCollum, 1985).  In this 
experimental paradigm, subjects stand upright on force plates that can be rapidly moved 
in the anterior-posterior or medio-lateral direction.  Alternatively, rotations at the ankle 
joint via tilting support surfaces are employed.  According to this doctrine, perturbations 
of low velocity or magnitude, or when the support surface is non-compliant produce the 
“Ankle” strategy.  For perturbations of larger velocity or magnitude, or when the support 
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surface is more compliant the “Hip” strategy is produced.  As one might expect, the 
“Ankle” and “Hip” strategy denote the specific anatomical location and related muscular 
parts responsible for countering the perturbation.   
Despite the sole focus of this “Hip-Ankle” strategy on specific “antagonist / 
agonist” muscle groups, there is much evidence that many more muscles are involved in 
postural regulation than those cited in this approach (Gelfand et al., 1971; Marsden et al., 
1983; Scholz et al., 2008).  Marsden et al. (1983) demonstrated that muscles throughout 
the human body responded to perturbations applied to the waist of standing subjects, 
some in near instantaneous fashion (less than 10 ms).  These responses, including those 
of the posterior deltoid, were observed to compensate appropriately (i.e. in a manner that 
appeared to counter the perturbation) in direction and magnitude according to the task 
instruction (intent).  Moreover, Weiss had long ago demonstrated the futility of 
examining the antagonist-agonist relationship in functional movement using a simple four 
muscle model of the shoulder joint (Gallistel, 1980).  Weiss demonstrated that a large 
number of combinations could result in the same functional movement (Anatomical 
Indeterminacy), making the notion of “antagonist-agonist” an experimental artifact not 
representative of true functional movement (Gallistel, 1980). 
This position has been ballasted by Latash (1993, 1998) and others (Reed, 1982; 
Turvey et al., 1978); demonstrating that if we examine only the “antagonist/agonist” 
muscles via electromyography during movement we will certainly find relationships 
between them to the exclusion of others.  More recent data demonstrate that the 
compartmentalization of function via muscles themselves is quite tenuous as different 
muscular compartments within muscles may serve entirely different functions during 
 46 
 
movement (Monti et al., 2001; van der Wal, 1999).  As we gain insight into the separate 
compartments within the muscles that are not necessarily arranged from origin to 
insertion on the bone, a more complex and intricate arrangement (pattern, if you will) of 
action across “parts” becomes necessary.  Emergent theories on biotensegrity structures, 
self-organizing and self-stabilizing units at smaller spatial scales (cells), are being applied 
to the larger spatial scale of muscular-articular links (Ingber, 2006; Turvey, 2007).  These 
theories and related experimentation support the position of Bernstein’s synergies and 
against the “localization myth” (Bernstein, 1935; Feigenbaum, 1996) which seeks to 
ascribe functional observables to specific parts in the anatomy.  Furthermore, they ballast 
the wider perspective of allometric regulation of coordinated action across a wide variety 
of scales, rendering the anatomical approach infeasible with regards to its ability to 
understand functional movement (Reed, 1982; West & Griffin, 1998).  Perhaps most 
important is the understanding that mechanoreceptors are arranged along the fascia of the 
muscular system at all levels (not in the contractile tissue), and that the entire human 
system is connected by fascia.  This provides a feasible way to overcome the historical 
issue of “time delays” in information exchange within the action system only via action 
potentials or humeral mechanisms (e.g. axoplasmic flow, systemic effects of endocrine 
system, etc).  This insight provides a basis for faster processes of information exchange 
and regulation of action at shorter time scales than previously thought possible (Turvey, 
2007; Turvey, personal communication).  In addition to the above arguments against the 
neuromechanical synergy perspective, new data demonstrate that these fixed synergies 
(e.g. “Ankle-Hip” strategy) are not maintained in more functional examinations of human 
movement (Bardy et al., 1999).  
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2.1.1.1.1 Experimental Arguments to the Neuromechanical Approach 
Recently, Bardy et al. (1999) demonstrated that when the “Ankle-Hip” strategy 
was employed under more functional context of visual search and constrained base of 
support, the predictive relations from the Nashner and Cordo model we not observed.  
These authors found no support for the anatomical approach to control via the ankle or 
hip strategy, although there were relationships between these segments and others (head 
movement) that denoted a more flexible organizational approach (Bardy et al., 1999).  
Finally, Scholz et al. (2008) have demonstrated that even during upright stance, segments 
in the upper and lower extremity both contribute substantially to the maintenance of 
upright posture in a manner denoting the co-regulation of the entire kinetic chain; a 
position long held and substantiated by Gelfand et al. (1971) and others (Bernstein, 1935; 
Feldman, 1995; Kelso, 1995; Latash, 1993).  
With regards to the “Ankle-Hip” strategy, the experimental design (as well as the 
abovementioned focus and signal collection from specific muscles or segmental 
kinematics) lends itself to the results found.  Perturbation via support surface movement 
or rotation in the anterior-posterior direction would involve the modulation of the lower 
extremity joints in an opposite direction to counter it (especially when these are the only 
muscles observed via EMG).  “Directional” results have also been demonstrated when 
asymmetric loading or unloading occurs (Nashner & McCollum, 1985; Slijper et al., 
2002).  Finding these relationships would not appear surprising given the mechanical 
constraints and the instructions given the subjects (Reed, 1982).  Restricting arm 
movement during these studies is not uncommon, despite the common use of the arms as 
a means to counter perturbations in everyday contexts.  Moreover, limiting perturbations 
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to the A-P or M-L direction does not reflect real-world perturbations in stance that may 
come from multiple directions.  Not restricting these degrees of freedom however, 
removes the ability to discretely decompose information in “meaningful” Cartesian 
planes of movement and “antagonist/agonist” muscle groups, potentially precluding their 
inclusion in current postural literature on the subject.   
When perturbations of the above type are applied to the human system, and 
contextualized within the even broader context of “quiet stance”, the observation of a 
limited number of postural strategies specified by the executive (Horak & Nashner, 1986; 
Nashner, 1977; Nashner and McCollum, 1985) appears unhelpful in understanding the 
nature of movement or realistic perturbations in context.  Given the entirely different 
results found when the simple task of holding a cup of beer is inserted into upright stance 
(Latash, 1993, 1996), we must approach generalizations from “quiet stance” studies very 
cautiously as they provide no relative functional basis for their proposed simple laws of 
“control” (Reed, 1982, 1986).  Sherrington (1906) discovered an enormous amount of 
information about the nervous system through this type of approach at the most 
fundamental level, and correctly intuited even more (Gallistel, 1980).  At this time in our 
science, information gleaned from this reductionistic approach must be coupled within a 
broader context; given what we know about the interaction dynamics that exist and the 
allometric regulation observed in the perception-action system (Meijer, 2001; Prigogine 
& Stengers, 1984; Reed, 1982; Turvey, 2007; West & Deering, 1995; West & Griffin, 
1998).   
Certainly, given the brief review of the neuromuscular approach, the idea of a 
postural-focal synergy should be neither anatomistic in nature nor assumed to involve 
 49 
 
only muscular-articular links near the site of perturbation.  Bernstein’s original 
conception of a functional synergy, “localized” throughout the body and specific to the 
task seems much a much more reasonable approach (Bernstein; 1935, 1947).  To be fair, 
however, we must continue to understand the functional nature of the neuromuscular 
system at many spatial and temporal scales in order to appropriately integrate it into our 
understanding of the regulation of action.  Integration of the ongoing processes at 
different spatio-temporal scales and their relationships is what appears necessary to 
understand the evolving dynamics in functional movement.   
Examining relations between the key “parts” and the multi-scale nature of their 
regulation (i.e. processes interacting on several temporal scales) appears more 
functionally useful in understanding the action necessary in a specific environmental 
context (Bernstein, 1935; Kelso, 1995; Reed, 1982).  “Action” here is defined as a goal-
oriented functional movement, necessarily embedded in an environment providing 
specific information about the manner in which it must be performed.  This definition is 
contrasted with the “movement” often used in experimentation that lacks a functional 
performance goal outside the need to gather data and make observations (e.g. Fitts Law 
paradigm).  “Action” is viewed as intrinsically functional from the start, where movement 
studies attempt to understand basic functionality in the absence of any ecologically 
realistic goals.  While both may provide information on the nature of movement, the 
approach using “Action” should provide a much richer vein of research in understanding 
the nature of human movement and its regulation.  Experimentation using tasks more 
functional in nature and properly contextualized is necessary to “de-constrain” these 
experiments.  The attempt to treat the human system as a machine has failed as an 
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approach to understand coordination (Meijer, 2001).  During the 20th century, Planck’s 
theoretical physics provided the notion that macroscopic observables may not be 
logically deduced from their atomistic parts (i.e. muscular EMG), and Haken’s 
Synergetics has provided the basis for “stability” from the relations between these scales 
(Haken, 1983; Meijer, 2001).  These circularly causal relationships between the 
macroscopic qualitative field states and atomistic fluctuations within the system are 
reflected in the perception-action system to constrain meaningful action by the agent in 
the environment (Turvey et al., 1990).  Thus, the alternative theory to coordination from 
that of neuromechanical reductionism is one of multi-scale regulation and self-
organization.  This alternative notion of distributed multi-scale regulation and the 
emergence of patterns in biological processes have been well described in the scientific 
literature (Abraham & Shaw, 1982; Bak, 1996; Edelman, 1992; Goodwin, 1994; Haken, 
1983; Jeka & Kelso, 1989; Kay, 1988; Liebovitch, 1998; Reed, 1982; Romanovsky, 
2004; Riley & Turvey, 2002; West & Griffin, 1998; Yates et al., 1972).  
2.1.1.2 Self-Organization/Dynamic Systems Approach 
This alternative theoretical approach to specific mechanisms for controlling 
movement is one more fundamentally based in chaos theory, thermodynamics of open 
systems, and allometric regulation of action via multi-scale temporal and spatial 
interactions of the entire system (Conrad, 1986; Kelso et al., 1980; Prigogine & Stengers, 
1984).  This approach views action as a time emergent property of an open system 
thermodynamic “engine” that necessarily exchanges matter and energy with the 
environment in order to achieve its goals (Iberall & Sodak, 1987; Yates, 1982).  In many 
ways this approach conceives of the human system and its actions more like what is 
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observed in the rest of nature (rather than outside it), and less like an automaton that 
requires control at every level in order to function (like a machine).   
Rather than focusing on anatomical parts of the human system, the focus is on 
higher-level observables that provide explanatory principles (invariants) by which the 
system is regulated under different conditions (Kugler & Turvey, 1987).  These invariant 
properties are produced by the dynamic interactions of the different “atomisms” (in this 
case the different oscillatory processes within the neuromuscular system) such that any 
given state of the system may emerge as a result of many different combinations of 
interacting parts at different spatio-temporal scales (Kadar et al., 1983; Reed, 1982; West 
and Griffin, 1998).  These invariants may be comparable to the thermodynamic principles 
of closed systems in physics having to do with the conservation of mass, momentum, and 
energy that provide the basis for the physical understanding the world around us (Kugler 
& Turvey, 1987).   
Chaos theory and the fractal characteristics of natural processes necessarily 
provide a perspective that precludes decomposition of processes at different time scales 
to understand their nature (Bak, 1996).  While Simon’s principle of near-decomposability 
(Simon, 1969, 1973) suggests that one may segregate processes of different time scales 
and evaluate them independently, many now suggest that this approach has failed 
substantially in providing sound theoretical progress in the biological sciences (Gottlieb, 
2000; Haken, 1983; Mejier, 2001; Sheppard, 1995; West and Deering, 1995).  In fact, we 
now have significant evidence from numerous biological systems, including humans, that 
basic regulatory processes are fractal in nature (Glick, 1986; Liebovitch, 1998; Lorenz, 
1993; Strogatz, 1994).  Moreover, studies of postural control, locomotion, and other 
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human movements have shown similar characteristics (Buchanan et al., 1997; Duarte & 
Zatsiorsky, 2000; Kay, 1988; Van Emmerik, 2007; West & Griffin, 1998; West et al., 
1999) that ballast the fundamental position of Bernstein (1935) that coordination of 
human movement occurs via distributed regulation across the system at many scales and 
is task specific in nature.   
The push to understand biological systems as not fundamentally different than 
other natural systems has been ongoing since the 1970s, and the ability of technology to 
continuously search deeper and deeper into biological anatomy has not aided this 
perspective (Nicholis, 1989; Yates et al., 1972).  Physicists, despite their success in 
closed system thermodynamics, have continued to consider biological systems as 
fundamentally different in nature.  Integration of the whole organism as a time-evolving 
open thermodynamic system is a much more technically difficult approach. Yet the 
evidence for this perspective is well established in many biological domains where a 
priori set points had previously dominated as the mechanism for control (Friedman & 
Striker, 1976; Romanovsky, 2004; Satinoff, 1978; Stepp & Turvey, 2009).  Yates, Marsh, 
& Iberall (1972), Kugler & Turvey (1987), Nicholis (1989) and others (Edelman, 1992; 
Goodwin, 1994) have begun to take on a more theoretical approach to biological systems 
as a means to better understand the fundamental principles and laws that underlie their 
nature.  A theory of self-organization and the natural emergence of action from coupling 
with the environment and task (coalitions) is just such an approach.  Moreover, self-
organization, embryogenesis, morphogenesis and other naturally evolving systems are 
well documented throughout nature (Edelman, 1992; Kelso, 1995; Kugler et al., 1982; 
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Turvey, 1990).  Given this understanding, why should human biology not follow these 
same principles as part of the natural world and subject to the same laws? 
This self-organizing approach significantly differs from a hierarchical model of 
control from the executive, and offers an approach to movement (degrees of freedom) 
that is constrained by task, environment, and actor.  This approach devolves substantial 
responsibility from an “executive” and distributes that responsibility to temporary 
heterarchical structures that are properly organized to perform specific tasks (Dubois, 
2001; Stepp & Turvey, 2009).  However, there are those who combine the hierarchical 
approach with that of self-organization within the different levels of the nervous system, 
such that autonomy of function may still be contextualized by goal-oriented behavior 
(Gelfand et al., 1971; Latash, 1998).  From this perspective, different parts of the entire 
system are arranged in hierarchical order (e.g. Brain, Spinal Cord, Muscular-Articular 
links), but the manner in which they internally organize themselves at these levels is a 
heterarchical one (Gelfand et al., 1971; Latash, 1998).   
In many ways, the self-organizing approach can be contextualized within 
Bernstein’s notion of synergies; the functional pluropotentiality of many “parts” within 
the neuromuscular system provides for a flexible, adaptable system that is able to achieve 
its goals in many different ways (Selverston, 1988).  In this approach, the pedagogical 
separation between posture and movement becomes increasingly blurry, as both aspects 
ultimately come down to how the systems are regulated via their interaction in order to 
meet the goal-directed behavior of the specific task at hand (Latash, 1996, 1998).  
Moreover, when dealing with complex tasks (most of everyday human movement) any 
distinction between posture and movement precludes the correct epistemological 
 54 
 
approach given that we fail to observe the system at the appropriate level of the task and 
acknowledge that postural and focal action occur simultaneously to achieve the goal of 
the system (Arutyunyan et al., 1968, 1969; Bernstein, 1935; Haddad et al., 2006; Latash, 
1996; Slijper et al., 2002; Yates, 1982).  
2.1.2 Posture as Movement, Movement as Structure 
Synergies, as conceived by Bernstein, are temporarily assembled parts distributed 
throughout the neuromuscular system that are established to accomplish a particular task 
(Bernstein, 1935, 1947).  One of the great benefits of synergies is their self-correcting 
nature (i.e. they are self-organizing); their ability to seamlessly and instantaneously 
respond to perturbations (within reason) though the soft-molded assembly of the 
available parts (Kelso et al., 1984; Marsden et al., 1983; McIlroy and Maki, 1995; Shik & 
Orlovski, 1976; Turvey, 2007).   Kelso et al. (1984) showed this corrective nature in 
speech articulation through systematic perturbations to different aspects of the “parts” 
necessary for speech (i.e. lips, jaw, tongue).  In doing so, these authors demonstrated the 
amazing capability of the action system and its ability to create coordinative structures 
(synergies) that “take care of the details” themselves.  Moreover, these authors 
demonstrated that the synergy does not necessarily respond at the site of perturbation, but 
throughout the synergy.  This approach and understanding certainly precludes looking 
only to “local” anatomy of the system where the perturbation occurs.     
This self-correcting aspect of synergies has also been described in terms of 
functional organizations of the spinal cord by the higher centers (Gelfand and Tsetlin, 
1971), and Feldman’s Equilibrium Point Hypothesis (Feldman, 1966, 1986, 1998) where 
this aspect of movement is the natural consequence to a system that is properly organized 
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within the context of goal directed action.  One of the important aspects of understanding 
this perspective is that small changes throughout the system are equally able to achieve / 
maintain goal performance; denoting the non-linear nature of biological systems.  Scholz 
et al. (2008) demonstrated just such a self-organization during upright posture using the 
Uncontrolled Manifold model, and re-affirmed (Gelfand et al., 1971; Hodges & 
Gandevia, 2000a, 2000b; Kaminski, 2007; Latash et al., 2002; Yamada, 1995) the 
position that distributed regulation appears to be the means through which action via 
posture and focal movements occur.   
If a properly organized system is known to respond to a perturbation (within a 
reasonable range that does not push the state into a different organization), then it may be 
more viable to consider movement as a structure that seeks to maintain itself until the 
goal is achieved or changed (i.e. a “Synergy”, Bernstein, 1935).   This functional 
perspective (Feigenbaum, 1996; Reed, 1982) merges with the Dynamic Systems 
approach of topographic states (synergies as structural topography), and the 
neuromechanical perspective of Full & Koditschek (1999) and Feldman (1966, 1986), 
where a properly tuned and organized systems can respond instantaneously to mechanical 
disturbances in the environment (e.g. “Preflexes”).  “Preflexes” are the result of the 
mechanical properties the muscles around a joint (e.g. Force-Length, and Force-Velocity 
relationships) whose state has been set based on the interaction between the task at hand 
and environmental conditions (Full & Koditschek, 1999; Revsen et al., 2009).  Of 
specific importance is the need to “re-understand” the integration of information gained 
over the years from a variety of academic disciplines, including those necessarily taking a 
more mechanically reductionistic approach to understanding parts of the human system.  
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While it would be wrong to consider all these efforts fruitless, it seems reasonable to 
suggest that these types of findings are better contextualized within the larger framework 
of how they might apply to more functional movement within the environment (Reed, 
1982). 
Moreover, it would appear that these perspectives necessarily nest themselves in 
the broader context of open system thermodynamics (Kugler et al., 1980; Nicholis, 1989) 
where agents actively engage in their environment and seek information in the pursuit of 
functional goals supported by ongoing processes at many temporal scales (Gibson, 1966, 
1986; Reed, 1982; Riccio, 1993).  While there are many different approaches to try to 
understand the manner in which functional movement and regulation occur, it appears 
necessary to radically depart from reductionistic approaches given our current 
understanding of complex systems (Meijer, 2001; Turvey and Shaw, 1995; West & 
Deering, 1995).  This necessary departure from more traditional/reductionistic 
approaches is inherent in Bernstein’s “Physiology of Action” and in J.J. Gibson’s 
Ecological approach to perception (Reed, 1982), and has been suggested for quite some 
time as a way to better understand human movement (Dewey, 1896). 
2.1.3 Nested Systems and the Ecological Approach to Movement 
In many ways, the nested systems approach to understanding functional 
movement (Action) is the combining of theories by Bernstein and Gibson.  Bernstein’s 
notion of synergies necessarily tuned by sensory information from the body and 
environment, merges with Gibson’s embedding of agent in the environment.  Together,  
an understanding emerges of the necessity to examine the interaction within the animal 
and between animal and environment in any functional movement (Bernstein, 1947; 
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Gibson, 1966, 1979).  Synergies would seem to form the proper context for nested 
systems, in that different synergies often must interact in order to attain functional 
performance.  Examples of these types of synergetic interaction include respiratory-
postural synergies (Gurfinkel et al., 1971; Hodges and Gandevia, 2000; Hodges et al., 
2001), movement-visual synergies (Jannelle et al., 2000; Mulavara & Bloomberg, 2002; 
Sidaway et al., 1998; Warren et al., 1986), and postural-focal synergies for precision 
performance (Aalto et al., 1990; Arutyunyan et al., 1968, 1969; Balasubramaniam et al., 
2000).  Even within this approach, however, it is necessary to determine the appropriate 
“level” of observation for the research questions at hand; especially as we now 
understand that the interaction between levels (i.e. fractal processes and allometric 
regulation) is fundamental in nature and human movement (Bak, 1996; West & Deering, 
1995; West and Griffin, 1998).  Thus, perturbations to the system at many levels can 
cause consequences throughout the system with regards to regulation of the perception-
action system.  Reed (1982) suggests that the meaning of these interactions may only be 
determined by manipulating the environment within which the task must be performed so 
that an understanding of the changing relations may be discovered.   
In Figure 2.1, the level of observation could be the individual segmental dynamics 
of the lower extremity during locomotion, with Figure 2.1A representing stable 
locomotion over flat terrain.  Observables at longer time scales (circle represents this 
oscillation), and shorter time scales (smaller ellipse nested within level of observation) 
could represent the CoM oscillations and haptic perception from the sole of the foot, 
respectively.  An unanticipated transition to rocky or otherwise non-flat terrain (Figure 
2.1B) would modify the information from the haptic system in a manner that would 
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necessarily modify coordination dynamics at the level of observation (middle level, 
segmental coupling), as well as the stability of higher-order dynamics (CoM oscillation).  
While locomotion would conceivably continue in a regular fashion, the oscillations of the 
system would not be the same, and the understanding of these modified dynamics is only 
understood in the context of the larger environment of navigation over uneven terrain (i.e. 
the Animal-Task-Environmental context).   
The mutual reciprocity and circular causality between actor-environment and 
nested sub-systems (e.g. efference-afference) at all levels makes this approach and 
contextualization of the research approach increasingly difficult.  Especially when 
compared to the approach that simply de-composes the system into various autonomous 
levels or parts (i.e., the Superposition Principle: assembly and disassembly of the system 
as a means to understand its nature (e.g. like a clock)) for individual examination and 
understanding (Simon, 1973).  Despite the fact that the human system is not functionally 
decomposable, we must often choose the parts that we wish to observe during action in 
order to understand the nature of their relationships to each other, the underlying 
dynamics, and the task at hand.  Given the allometric regulation necessary for emergent 
action, the dynamic systems approach can be used to compare the outcomes at the 
ecological level of the task performance (e.g. precision, kinematic trajectories, etc.) with 
the underlying dynamics to understand the nature of the action within different contexts 
(Goodman et al., 2000; Kadar et al., 1993; Mitra & Turvey, 2004; Post et al., 2000; 
Turvey et al., 1996). 
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Figure 2.1: Interaction Dynamics at several scales, effects of perturbation on the 
entire system, and the need for environmental context to understand system 
dynamics. 
  
In this way, the functional goals are achievable through a variety of kinetic and 
kinematic means and the observable relations between segments or systems allow a more 
fundamental understanding of how goal-directed action is successfully achieved.   More 
specifically, the effects of system constraints from the task and environment can be 
observed in the changing relations between key segments, or lack thereof (Holt et al., 
1990; Kodecheck and Full, 2000; Kugler & Turvey, 1987; Pennycuick, 1975).  
Perceptual invariants provide significant information and constraint on the emerging 
movement dynamics (Gibson, 1986; Kim & Turvey, 1998; Kugler & Turvey, 1987; 
Riccio, 1993; Michaels & Zaal 2002) proscribing the available affordances for action 
within the environment (Turvey et al., 1978; Reed, 1982; Riccio 1993).  Given the mutual 
reciprocity between perception and action in the nested system approach, it is necessary 
to understand the information available to the agent during functional movement.  For 
analysis at the level of task performance, the visual system becomes a key component as 
it is necessary for the prospective nature of movement within the environment for goal-
directed tasks (Turvey, 1977).  The nested systems approach views the visual system as 
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not just the eyes (again a functional “part”), but the eyes as a perceptual system involving 
many anatomical parts (Gibson, 1966, 1986): 
 
“a synergetic system, made up of nested organs of sensitivity…in increasing 
orders of functional complexity it consists of organ A comprising adjustable lenses/pupils 
within two mobile eyes; organ B comprising organ A within a mobile head; organ C 
comprising organ B within a mobile trunk; and finally organ D comprising organ C 
within a mobile body” (Turvey, Carello, & Kim, 1990) 
 
In fact, there exists substantial evidence to suggest that the anatomy all along the 
kinetic chain is adjusted during movement when visual constraints are included in the 
task (Mulavara and Bloomberg, 2002; Peters, 2006; Riccio et al., 1993; Riley et al., 1998; 
Warren et al., 1986).  This aligns with Bernstein’s notion of a synergy as a functional unit 
that is temporarily assembled from a variety of different parts, and Gibsonian 
understanding of perceptual constraints within goal-directed movement.  From this 
perspective, much of the research seeks to determine how the nested systems drive 
synergies to interact and re-organize themselves in order to achieve the task performance 
when constrained in different ways by the available perceptual information.  Most 
importantly, this approach may help in understanding the consequences of reduced 
perceptual information given the constraints on the system as a whole (Actor-
Environment-Task). 
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2.1.4 Postural Affordances and System Constraints 
While it is absolutely necessary to understand the constraints on the actor by the 
task and environment [via exteroception (perception of surrounding environment) and ex-
proprioception (meaningful relationship between environmental information and self-
motion)], the constraints on the animal from its own available postures and movements 
are equally important (i.e. visual, haptic, and vestibular information with regards to self 
motion; Kugler & Turvey, 1987; Riccio and Stoffregen, 1988; Riccio, 1993; Riccio et al., 
1993).  The interaction dynamics between the base of support, postural, and focal 
movement are self constraining in so far as they must be co-regulated in order to provide 
the necessary concinnity for successful action.  Moreover, constraints on the animal itself 
(e.g. physically coupled load and its related functional effects) necessarily modify these 
relations or the manner in which they are regulated to the task within specific 
environment.  These “intrinsic” dynamics (and the resulting constraints on 
action/perception) interact with the dynamics at level of the task and environment to 
proscribe the available degrees of freedom during emergent movement (Turvey et al., 
1978).  Essentially, the above process for the manner in which perception and action 
constrain the available degrees of freedom (the building of coalitions) is the fundamental 
thesis for the self-organized movement as a time evolving, emergent phenomenon.  For 
functional movements, items carried, worn, or otherwise coupled to the human become 
part of the system.  These items (e.g. groceries, protective sports equipment, orthopedic 
knee braces, etc.) necessarily modify the intrinsic dynamics of the system and the ability 
to realize different postures. 
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For the Warfighter, modifications to the relationships between the segments are 
necessary to maintain upright static posture or movement as physically coupled loads are 
added (e.g. helmets, weapons, ballistic armor, etc; Hellebrandt et al., 1944; LaFiandra et 
al., 2002).  These kinematic and kinetic modifications necessarily change the system’s 
ability to gather information via exploratory movement and modify the orientation of the 
visual system to the environment (Harman et al., 2002; Holbein & Redfern, 1997; 
Mulavara et al., 2002).   The effects of these modified postures, and limited access to 
different postural configurations modify affordances for action (i.e. what does “X” 
posture afford with regard to perception/action, Figure 2.2).  Figure 2.2 provides a 
schematic representation of the effects of physically coupled loads on Warfighter 
postures during upright stance and locomotion.  Head-down orientation, forward leaning 
trunk, modified base of support, shortened stride length, and modified trunk-pelvis 
relationships have all been observed as a result of combat load (Harman et al., 1999; 
Hellebrandt et al., 1944; Knapik et al., 1997; LaFiandra et al., 1999; Schiffman et al., 
2006).  When these results are contextualized in more functional movements (e.g. not 
treadmill locomotion or static upright stance), it seems reasonable to assume that these 
physically coupled loads may significantly modify the available visual and haptic 
information necessary for successful performance.  Moreover, if these modifications to 
posture represent the intrinsic dynamics of the system (e.g. the manner in which the 
system organizes itself in the absence of more functional tasks), important questions must 
be raised with regards to the energy required to move the system to a more functional 
posture for action and perception (e.g. the cost and consequences to for having to 
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maintain upright head orientation while wearing helmets during locomotion during active 
visual search over rough terrain).  
 
Figure 2.2: Postural Affordances of Visual Perception under Load 
 
The fundamental question to be answered initially is; “Does the addition of 
physically coupled load in the form of combat equipment modify the ability to seek the 
available information necessary for successful task performance?”.  It is possible that 
potential redundancy in the perceptual information (or the modification to the “weighting 
and integration” of that information) may prove adequate to successfully execute tasks 
with equivalent performance.  This contextualization and understanding of task 
constraints may help determine which relationships are most perturbed by the physical 
loading of the human system, and under what relevant ecological/operational conditions.  
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2.2 Dynamics of Landing 
2.2.1 Intrinsic Dynamics of Landing  
In many efforts, the biomechanics of landing and the manner in which the 
different segments of the lower extremity, pelvis, and trunk are coordinated has been 
explicitly examined (Blackburn & Padua, 2008; Hughes & Watkins, 2008; McNitt-Grey, 
1993; Schot et al., 1994; Yu et al., 2007).  While the specific coordination of these 
segments is clearly important for how landing is achieved, the entailed efforts focus more 
specifically on landing as a transitional state between dynamic movement and the 
establishment of upright posture.  Landing is viewed as an operationally relevant 
perturbation to the human system in combat, and not an end-state unto itself.  In this 
view, landing becomes a “part” of a larger perception-action scheme where the focus uses 
a “wider lens” at the ecological scale of task performance (i.e. landing as a nested 
synergy within larger goal-oriented dynamics).  More important information comes from 
those metrics which provide the consequences of equipment configuration on the 
establishment of posture for the task of marksmanship or other tasks in the combat 
environment.  Research at this level of observation and experimentation is necessary for 
the relevant research questions, but only tenable given the plethora of research that has 
already been established on the intrinsic dynamics of landing (e.g. kinematics and 
kinetics of lower extremity relationships in landing tasks). 
In this effort, head orientation (visual perception) and its modulation by the head-
trunk coordination under different loads are deemed more relevant to the particular 
research questions than the specifics of kinematic relationships between and within the 
lower extremity and trunk.  The visual tuning of the lower extremity coordinative 
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structures under different movements is well established (Fitch et al., 1982; Sidaway et 
al., 1989; Warren et al., 1986), but not the focus of the current research questions.  The 
entire kinetic chain during landing can be conceived of as a visco-elastic mass-spring 
system (Devita & Skelly, 1992; Yeadon et al., 2010).  As with locomotion (Simon et al., 
1972; Voloshin & Wosk, 1982; Hamill et al., 1995), some portion of the landing task 
appears to be driven by the need to the human system to prevent injury (James et al., 
2000; Santello, 2005; Withrow et al., 2005) and provide some degree of stability for the 
visual, aural, and vestibular sub-systems during movement (Thompson & McKinley, 
1995).  The kinetic chain, acting as a low-pass filter for shock attenuation, would appear 
to be a regulatory requirement for the perception-action coupling necessary for 
movement in a dynamic environment and information seeking behavior.  The entire 
kinetic chain is conceptualized in this research effort as a landing synergy that is co-
parameterized by the physically coupled load, the perceptual information available for 
landing, and the specific task to be performed.  This synergetic approach links the action 
and self-organization observed to invariant geometric / topographic states of the system; 
e.g., the system lands successfully within the provided intentional boundary conditions 
(Kelso, 1995; Kugler et al., 1980; Turvey et al., 1978).  The metrical prescription of 
where in that higher order state space the system resides, and how it evolves is specified 
by the perceptual information available (Fitch et al., 1982; Kugler et al., 1980; Turvey et 
al., 1978; Turvey, 2007).  Results of this parameterization have global effects on the 
system stiffness that are important for performance and increased regulation of certain 
parameters important for success.  The details specific to the lower extremity are not 
required or fully adequate to observe these consequences; only by embedding landing 
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within larger task dynamics may we observe the consequences specifically relevant to the 
task (Chiel & Beer, 1997; Reed, 1982).  
2.2.2 Height Manipulation, Segmental Loading, and Landing 
Existing literature on the mechanics of landing provides a wealth of information 
with regards to how the human system’s kinematic relationships are modified with 
different experimental conditions.  In most research, landing has been considered the act 
of jumping off or being released from different heights in order to observe changes in 
kinematic or kinetic outcomes (e.g. knee and ankle angles, maximal vertical force, and 
time to peak force measures).  With few exceptions (Hughes & Watkins, 2008), landing 
performance has been evaluated as separate from other tasks (i.e. only the intrinsic 
dynamics have been captured).  Much of the research is clearly focused on injury 
prevention (Avela et al., 1996; Blackburn & Padua, 2008; Madigan & Pidcoe, 2003; 
Schot et al. 2002; Sell, et al., 2010) and physical training or performance (Hughes & 
Watkins, 2008; Kulas et al., 2008; Moir et al., 2005; Yu et al., 2005).  Landing height has 
been used in many instances to gauge the ability of the human system to adapt to greater 
forces on the body, and the potential consequences for this adaptation.  However, no 
previous efforts exist that use landing as a nested task in the larger dynamics of 
movement to evaluate the consequences in terms of how follow-on postures are 
established for a specific event. 
Experimental manipulation of height as a control variable has demonstrated that 
increases in height produce greater forces on the human system at ground contact 
(Libermann & Goodman, 1991; McNitt-Grey, 1993; Zhang et al., 2008).  These increased 
forces on the system must necessarily be dissipated in a manner commensurate with 
 67 
 
minimization of the potential for injury (Avela et al., 1996), stabilization of the head for 
perception (Thompson & McKinley, 1995), and the dissipative nature of open 
thermodynamic systems (Kugler & Turvey, 1987; Nicholis, 1989).  With greater heights, 
Zhang et al. (2008) and others (McNitt-Grey, 1993; Yu et al., 2006) demonstrated greater 
flexion in the lower extremity as well as a greater time to peak impact forces in the 
vertical direction.  However, some landing efforts have shown invariance in ankle joint 
displacement (Santello &McDonough, 1998; Santello et al., 2001), suggesting increased 
parameterization of ankle stiffness with height.  With increases in height, it appears that 
trunk flexion is incorporated into the synergy (indicative of motor abundance under these 
conditions) in order to further dissipate the loading on the system (Zhang et al., 2008).  
Blackburn and Padua (2008) specifically examined the effects of trunk orientation on 
lower extremity landing kinematics. These authors found that greater trunk flexion 
(compared to preferred landing) during landing produces greater hip and knee flexion 
(Blackburn & Padua, 2008).  The modifications in the manner of landing, then, may have 
consequences for the postural affordances of perception and action in more functional 
tasks. 
Together, the above data support McNitt-Grey et al.’s (2001) position that landing 
is the result of the actions of the entire kinematic chain, not simply the lower extremity.  
Additionally, with greater heights the above data indicate the limitations of the lower 
extremity to completely attenuate all the forces.  This is in line with what can be expected 
of synergies with regards to the automatic recruitment of additional degrees of freedom 
necessary for task achievement (Bernstein, 1947; Latash, et al., 2002; Turvey, 2007).  
This may be viewed as similar to the additional degrees of freedom recruited by 
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quadrupeds at high speeds (i.e. flexion and extension of the spine) in order to reach 
maximal locomotive speed (Full, 1989; Pennycuick, 1975).  Moreover, these additional 
dynamics are what are predicted and expected when open systems are required to 
dissipate more and more energy given their initial conditions (Kelso, 1995; Iberall & 
Sodak, 1987; Yates, 1982). 
In addition to lower extremity kinematic changes, Zhang et al. (2008) measured 
the ability of the human system to attenuate the shock wave through the system via 
accelerometers.  By placing accelerometers on the both the tibia (close to ground impact 
forces) and the head, these authors were able to examine the transfer function at different 
heights between these two segments.  As may be expected from the data on locomotion 
(Hamill et al., 1995; Wosk & Voloshin, 1981); the kinetic chain acts like a low-pass filter 
during landing to attenuate high frequency shock waves.  However, unlike locomotion 
(where almost all of the shock is attenuated by the kinetic chain by the time it reaches the 
head), Zhang et al. (2008) found that the system was not able to completely attenuate the 
shock wave to the head during landing.  At the higher platform conditions (90 cm) 
accelerations in excess of 4g’s were recorded at the head.  This apparent inability of the 
human system to completely attenuate the ground reaction force through the kinetic chain 
during landing may have serious consequences for the perception-action coupling 
necessary for movement after landing.  Greater flexion of the system to partially attenuate 
these ground reaction forces necessarily modify the postural affordances for action 
(Riccio, 1993), and increased frequency content at the head will certainly affect the 
perception of available visual information (Lee et al., 1997; Mulavara et al., 2002; Peters, 
2006). 
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If we consider the landing height to essentially act as a control parameter (a 
variable systematically increased or decreased to examine the effects on a systems’ 
organization) for ground reaction forces, then the consequences of increased loading with 
combat equipment may be similar in some ways to height.  However, unlike the unloaded 
conditions and height manipulation, additional combat equipment introduces greater 
segmental inertial and interaction forces that must be regulated if landing is to be 
achieved.  Sell et al. (2010) recently completed a study using minimal loads of combat 
equipment with Soldiers from the 101st Airborne (15 ± 3.7 kg) and landing from a height 
of 19.7 inches (50 cm).  Although these authors only examined the unloaded and a single 
loading condition, their data clearly demonstrated greater flexion angles in the lower 
extremity and greater time to peak vertical forces in the combat equipment condition 
(Sell, et al., 2010).  Unfortunately, the equipment configuration precluded their ability to 
determine if this loading weight modified trunk angles, and the orientation of the head 
was not considered relevant as the study was focused on injury prevention and training.   
Kulas et al. (2008) however, specifically loaded the trunk to examine the effects 
on landing kinematics of the drop jump exercise.  Specifically, these authors examined 
the consequences of different landing strategies (upright v flexed landing) when 
additional loads were applied to the trunk.  When loaded with 10% of their body weight, 
Kulas et al. (2008) demonstrated increased work done on the knee extensors and ankle 
plantarflexors (increased dissipation of energy) during landing.  Most importantly, they 
demonstrated that the position of the trunk at initial contact and the load interacted to 
modify the manner in which this work was performed.  When subjects adapted to the load 
with increased trunk extension (i.e. more upright posture), the ankle and knee extensor 
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efforts were greater than those seen when landing with a more flexed trunk position 
(Kulas et al., 2008).  These authors noted the lack of literature with regards to the 
consequences of trunk angle orientation in landing, although their results clearly 
demonstrate the motor abundance available to the human system within landing tasks 
when unconstrained by “higher order” dynamics (e.g. specific trunk orientations during 
landing that may be necessary when other tasks are required). 
As with much of the literature to date on landing and human movement; one 
might suggest that the additional inclusion of the trunk in this research is a “half-step” to 
necessarily adding the head segment as well.  Given the importance of the nested 
perceptual systems within the head, and envisioning the entire kinetic chain as the 
perceptual-action synergy during goal-oriented movement (Gibson, 1979; Turvey et al., 
1990), a greater understanding may be achievable through conceptualization of the entire 
chain as relevant to landing (McNitt-Grey, et al., 2001).  Zhang et al.’s study (2008), 
moved towards this type of information and provided significantly more meaningful data 
for those interested in movement and tasks beyond those of landing alone.   
2.2.3 Shock Attenuation and Stiffness in Landing  
Results from the majority of the landing research, regardless of the specific intent 
of individual efforts, clearly indicate that the need to attenuate the shock wave from 
impact forces (Santello, 2005).  Moreover, the evidence above clearly indicates that 
during an unencumbered landing task (i.e. no further constraints on the system from 
visual, cognitive, or focal tasks aside from landing itself) the kinetic chain is able to 
dissipate this energy in many ways.  For these reasons, a more macroscopic measure of 
the system state may be helpful in describing it under different constraints; stiffness is 
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one that may be useful in many cases.  Landing technique has been broadly characterized 
into two discrete categories; “soft” and “hard” landings (DeVita and Skelly, 1992; Zhang 
et al., 2000), generally referring to the impact forces during landing.  While there is 
clearly a continuum between these two extremes; “soft” landings have been characterized 
by greater flexion of the knees and hips and “hard” landings by greater flexion of the 
ankle and knee joints (Zhang et al., 2000; Kulas et al., 2008).  From a more global 
perspective, these different landing techniques exploit exactly the stiffness 
parameterization discussed above.   
  DeVita and Skelly (1992) examined the mechanisms of shock attenuation during 
hard and soft landings in an effort to characterize the differences between these strategies.  
Overall, these authors found that during soft landings more kinetic energy was absorbed 
by the lower extremity musculature (19% more), while in hard landings more of the 
kinetic energy is absorbed by the skeletal system.  Other literature supports this 
conclusion (Zatsiorsky and Prilutsky, 1987), and all demonstrated significantly greater 
contribution of the ankle plantarflexors as stiffness increased (Zatsiorsky and Prilutsky, 
1987; DeVita and Skelly, 1992, Santello & McDonough, 1998).  More recently, Zhang et 
al. (2000) examined “soft”, “normal”, and “stiff” landings effects on lower extremity 
kinematics, increasing the available data within this continuum of landing techniques 
(“normal” landings are best described as those that represent the individuals intrinsic 
dynamics in the absence of additional instruction to land “stiffer” or “softer”).  These 
data support the position that the tuning of ankle stiffness prior to impact appears to be an 
important aspect of the landing synergy, and is indicative that pre-tuning coordinative 
structures provide neuromechanical “pre-flexes” that are capable of instantaneous 
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resistance to perturbation as part of an integrated functional approach to movement 
through the environment (Dickenson et al., 2000; Full & Koditschek, 1999).  Given the 
importance of the tuning of coordinative structures by perceptual information, many 
investigations have focused on how the stiffness in the landing synergy is co-
parameterized by vision, other perceptual systems, and “cognitive processes” (Libermann 
& Goodman, 2007; Magalhães & Goroso, 2009; Sidaway et al., 1998; Thompson & 
McKinley, 1991; Timmis et al., 2009).    
2.2.4 Visual Tuning for Landing  
Evaluating the degree to which coordination is parameterized by visual 
information for regulation of kinetic and kinematic variables has been well documented 
in stepping/walking (Buckley et al., 2005; Buckley et al., 2008), running (Lee, 1977; 
Warren et al., 1986), and landing activities (Santello et al., 1998; Sidaway et al., 1989; 
Thompson & McKinley, 1995; Timmis et al., 2009).  The availability of visual 
information has been explicitly tied to the tuning of the neuromuscular system in an 
integrated manner with existing reflexive states and other perceptual information (Fitch, 
et al., 1982; Turvey, et al., 1990).  This tuning of the neuromuscular system by 
environmental information specifically supports the approach of self-organization in 
movement science and the need to understand the coalitions formed by perception-action 
coupling during task performance (Chiel & Beer, 1997; Gibson, 1979; Reed, 1982; 
Riccio, 1993; Turvey et al., 1978).   Vision provides specific exteroceptive and 
exprioprioceptive information about the environment through which animals must move 
and execute tasks (Figure 2.3).  However, the degree to which vision is important greatly 
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depends on the context of the movement and the information available to the subject 
(Gibson, 1979). 
 
Figure 2.3: Visual Tuning of Synergies for Movement 
 
Sidaway et al. (1989) and others (Thompson and McKinley, 1995; Santello et al., 
2001) have specifically tied the onset of EMG in the lower extremity to the expected time 
to contact the ground.  In some cases, the EMG onset was tied explicitly to visual Time to 
Contact (TtC) information during the landing (Sidaway et al., 1989), or more integrated 
perceptual variables using vestibular and proprioception to be considered relevant to time 
to contact (Libermann & Goodman, 1991; Timmis et al., 2009).  In many cases, it has 
been demonstrated that the onset of EMG was not explicitly tied to visual information by 
occluding vision during the landings performed (Libermann & Goodwin, 1991, 2007; 
Santello et al., 1998; Thompson &McKinley, 1995).  The equivocality of these results 
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appears to be a consequence of experimental design, and the degree to which different 
types of perceptual information was available. 
Thompson and McKinley (1995) and Sidaway et al. (1989) both showed that 
EMG onset of the lower extremity (Tibialis Anterior and Gastrocnemius) was tied to 
vision when the height of the landing was known to the subjects.  When vision was 
occluded by strobe lights (reduced velocity information), blackened goggles, or a visual 
conflict dome (vestibular-visual disturbance) variability of onset time increased 
significantly (Thompson and McKinley, 1991).  However, when subjects were dropped 
from different heights in random fashion with vision available, the onset times were 
predictable from visual Time to Contact information (Sidaway et al., 1989).  Thompson 
& McKinley (1991) suggested that the lack of visual information was offset by knowing 
(“sensorimotor memory”) in advance the height of landing from previous trials, allowing 
pre-tuning of the system from memory rather than on-line from visual information.  
Despite increased variability of the onset times for EMG, most studies have demonstrated 
the invariance in EMG pattern of distal to proximal ordering during landing (Libermann 
& Goodwin, 2007; Santello & McDonough, 1998; Sidaway et al., 1989; Thompson & 
McKinley, 1991).   
As opposed to the above findings, Liebermann & Goodwin (1991, 2007) suggest 
that visual information is not necessary for attainment of “soft” landing by the subject.  In 
fact, Liebermann & Goodwin (1998) demonstrated that the initial impact peak is greater 
when vision is available, and suggest that an “over-reliance” on visual information is the 
cause.  From this data, these authors conclude that pre-activation patterns may be over-
parameterized by visual information, and that the coordinative structures perform better 
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in the its absence.  However, the instructions to the subjects in this effort explicitly state 
that they should land as softly as possible (i.e. “noiseless landings”), and subjects were 
able to see the height of the landing before the “drop”, even though on-line vision was 
occluded.  In 2007, Liebermann and Goodwin provided a more expanded approach to 
landing and visual information by limiting the amount of visual information prior to and 
during the fall.  In this case, the authors found no difference in the vertical force 
component between landing conditions, but did find that the onset of EMG in the rectus 
femoris occurred earlier when vision was available (Liebermann and Goodwin, 2007).  
This suggests that while visual information could not solely account for the 
parameterization of stiffness in the system (reflected in the equal vertical force 
components), the visual information was integrated for use in a different manner to 
achieve the same results.  Liebermann and Goodwin (2007) suggested that “cognitive 
factors” as well as integrated perceptual information provide the basis for landing (i.e. co-
parameterized).   
Santello et al. (2001) examined the ability for the landing synergy to adapt when 
vision was not available using randomized, blocked trials of landing from four different 
heights (0.2, 0.4, 0.6, and 0.8m).  Subjects were unable to see the height from which they 
landed in advance, and all no-vision trials were conducted a week prior to those with 
vision available.  These authors found that the center of mass position and joint 
displacements for all heights were not significantly different between the vision 
conditions prior to landing.  However, during the execution of the landing without vision, 
reduced knee joint angles (10%) resulted in larger peak ground reaction forces (10%).  
Moreover, greater variability in the joint motion, coordinative timing, and time to 
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maximum center of mass displacement were observed in the non-vision condition 
(Santello et al., 2001).  Theses authors concluded that while non-visual information was 
certainly important for landing, vestibular and proprioceptive information alone “could 
not fully compensate” for the lack of vision.  While the increased variability observed 
was interpreted as a consequence of the lack of visual information; it could equally be 
interpreted as the necessary exploratory movement in achieving the goal of the system 
with the information available during the time-evolving dynamics of emergent action 
(Riccio, 1993; Riley & Turvey, 2002). 
In a recent study by Magalhães & Goroso (2009), vision was controlled to a much 
greater degree by not allowing subjects to see any of the experimental set up prior to 
testing.  The focus of this effort was the adaptability of the landing synergy to occluded 
vision at different heights (0.2, 0.3, 0.4, and 0.5m).  Similar to the Santello et al., (2001) 
study, these subjects conducted landings in the occluded vision condition first.  
Magalhães and Goroso (2009) found that after the initial landing at every height within 
the six landings, the EMG latencies were not significantly different in the two vision 
conditions.  They concluded that while visual information was certainly of use; that “once 
a structural landing plan” has been developed, the system was able to use other sources 
(perceptual information or cognitive processes) to compensate for the loss of vision 
(Magalhães & Goroso, 2009).  The fact that a single landing at a new height can provide 
the necessary information for EMG onset during landing without vision is a testament to 
the systems ability to integrate and use multiple perceptual systems and cognitive 
processes for attaining functional goals.   
 77 
 
The above findings that visual information at least partially parameterizes the 
system dynamics by tuning the coordinative structures of landing (Liebermann & 
Goodwin, 2007; Magalhães & Goroso, 2009; Santello, McDonough, & Challis, 2001; 
Sidaway et al., 1989; Thompson and McKinley, 1991) lends support to the action as a 
self-organized, time evolving system.  Landing can be conceived as the qualitative state 
of the system where intention provides the necessary boundary constraints for an 
invariant topographic structure (e.g. the landing synergy).  Visual perception, as well as 
the other perceptual inputs, can be thought of as the parameters that determine where in 
that higher dimensional state-space the system resides and the degree to which it 
necessarily varies in order to gain information.  While the macroscopic state of the 
system does not change (e.g. all subjects land), the underlying dynamics are necessarily 
not equivalent when access to information from one of the parameters (vision in this 
case) is removed.     
In all of the above studies however, the task of landing is performed in isolation 
from other potential tasks (i.e. it is not nested within larger dynamics of more functional 
movement).  That movement and postural dynamics are modified by their context has 
been well established in the literature (Bernstein, 1947; Feldman, 1966; Gurfinkel et al., 
1971; Latash, 1996).  In order to more fully appreciate the landing synergy and 
understand how it is regulated, the necessary move must be made to embed landing into 
longer timescale task dynamics that are observed in everyday navigation through the 
environment (e.g. landing from a steeplechase run, in order to run again).  While there is 
limited amount of data on landing in this context, other “landing” transitions between 
steps during walking (Buckley et al., 2008; Timmis et al., 2008) can provide insight into 
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fruitful directions of future landing research, especially with regards to the necessity of 
the visual information available in unknown environments.   
2.2.5 Potential Consequences of Load during Landing for Marksmanship 
While the nesting of a landing task for the purpose of longer timescale action has 
not been explicitly studied to date (i.e. landing to establish a shooting posture), 
fundamental information from the existing research can provide significant insight into 
potential consequences of this embedding.  For a task like landing and transitioning to 
combat marksmanship, the most relevant measures for performance would seem to be; 1) 
the overall stiffness of the system, 2) how landing is achieved kinematically (i.e. postural 
affordances), and 3) the consequences on the visual system for perception.  Zhang et al. 
(2008) clearly demonstrated the inability of the human system to fully attenuate shock 
propagation through the kinetic chain during landing (Figure 2.4).  The increasing 
inability to attenuate these shock waves with increases in the vertical ground reaction 
force (Figure 2.4; peak head accelerations increasing from 2.18 – 4.52 g with increased in 
height from 30-90 cm) appears similar to data from landing under combat loads (Sell et 
al., 2010).   In addition to increased acceleration at the head, the time to peak acceleration 
increased with height (Zhang et al., 2008).  This inability to attenuate these shock waves 
and their delayed peak could have significant implications for visual perception and 
threat identification in the combat environment for the Warfighter.  However, neither Sell 
et al. (2010) nor Zhang et al. (2008) explicitly examined the effects of landing on the 
visual system or gaze orientation; so there is no data to determine the degree to which the 
Warfighter would be able to overcome this potential deficiency under combat load.  
However, from locomotive studies examining the relationship between shock attenuation 
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and visual perception (Mulavara et al., 2002; Peters, 2006), it has been found that 
dynamic visual acuity (DVA) is greatly reduced during phases in the locomotive work-
cycle where shock waves are the greatest (e.g. heel contact).  Moreover, it has been 
demonstrated that the head movement during visual target identification (Peters, 2006) 
responds differently within the work cycle to modifications in visual target requirements. 
This suggests that even in a movement less ballistic than landing (walking) where the  
 
Figure 2.4: Landing and the inability of the kinetic chain to completely damp shock 
waves (Zhang et al., 2008) 
 
gravitational forces on the head are much lower (Zhang et al., 2008), the visual system’s 
ability to perceive the environment is compromised.  It is important to note that these 
compromises in visual perception occur even when the locomotive coordination is 
modified by the visual task (Hirasaki et al., 1999; Moore et al., 1999; Peters, 2006).  
These authors have shown that the kinematic organization during locomotion and a visual 
task works to minimize the accelerations on the head in order to stabilize the visual 
system.  These kinematic re-organizations include greater knee flexion to reduce shock 
attenuation (Mulavara et al., 2002) as well as coupling of the head and trunk in order to 
foveate on the target more precisely (Peters, 2006).   
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Given the inertial contributions of combat equipment on the Warfighter during 
locomotion and landing prone (LaFiandra et al., 2002, 2003), it is hard to imagine that 
adding this additional weight to the human system would not affect dynamic visual acuity 
(DVA) in locomotion or other movement tasks like landing.  At the very least, it can be 
expected that the addition of combat load would significantly constrain the system further 
and would result in the re-parameterization with potentially negative performance 
consequences.  In fact, pilot data (Palmer, 2009 unpublished results; Figure 2.5) suggests 
dramatic differences in gaze orientation may occur while landing under different combat 
loads.  These data suggest that early in the landing cycle abrupt changes in head/gaze 
orientation result from impact, and that head/gaze orientation throughout the landing 
cycle are modified by physically coupled load.  The ability to perceive the environment 
and pick up necessary information for action would appear to be compromised by these 
modifications to postural affordances under different loads. 
 
Figure 2.5: Head orientation under different loads during landing 
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In addition to the position of segments and the orientation of the kinetic chain for 
perception (e.g. the postural affordances for visual perception), the specific frequencies of 
these shock waves at the head may have different consequences for perception even if the 
postural set affords appropriate gaze orientation on the target.   Zhang et al. (2008) 
demonstrated two different peak frequencies at the head during landing, both of which 
increased with landing height (Figure 2.6).   The range of theses two frequency peaks was 
approximately 9 – 16Hz for the first and 25 – 40Hz for the second (Zhang et al., 2008).  
While these represent only the two largest peaks, and not the entire spectrum, it 
represents a large range of frequencies that would have to be “overcome” by the local 
perceptual organizations (vestibular-ocular and head-neck segments) in order to foveate 
on environmental cues that provide meaningful information specific to the environment 
and task.  Volkmann et al. (1968) and others (Robinson, 1964; Parvo et al., 2008) suggest 
that these frequencies are within the range of those in saccadic eye movement necessary 
for accurate foveation and visual perception.  To a great extent; the overall stiffness of the 
kinetic chain that is necessary for landing may, in and of itself, be detrimental to tasks 
requiring specific visual information from the environment.  Given that most of the 
previous indicates constraints on landing kinematics primarily with regards to injury 
prevention, other task constraints are necessary to better understand landing in a more 
functional sense of establishing posture for action. 
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Figure 2.6: Frequency content at the head during landing (Zhang et al., 2008) 
 
From all of the above literature on landing, the plight of the Warfighter in 
establishing upright posture for the marksmanship task becomes increasingly complex, 
where the overall stiffness of the system is co-parameterized by many factors (Figure 
2.7).  In fact, Warfighters would seem caught in a “Catch 22” of sorts when having to 
quickly establish a stable upright stance for situational awareness (visual perception) and 
marksmanship.  To quickly establish upright posture requires increased stiffness within 
the kinetic chain (a “hard” landing), yet this stiffness would appear detrimental to the 
ability to foveate on relevant information (i.e. friend or foe determination, enemy 
combatants, etc.) for target engagement.  A “soft” landing would decrease the time to 
establish upright posture for marksmanship, may limit the postural affordances of visual 
perception (i.e. greater flexion), but may provide visual information more quickly to the 
system if gaze orientation is able to “capture” the target within the visual field.  Heavier 
segmental loading of the human system by combat equipment, and the need to regulate 
landing dynamics under load seems to necessitate increased regulation towards greater 
stiffness.  If nothing else is clear, the need to better understand this internal trade-off and 
the effects on equipment in constraining the ability for this trade-off must be known.  The 
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only way to ascertain information on this trade-off that is so important to Warfighter 
survival is via experimental data in the ecological context of postural transitions for 
dynamic marksmanship (i.e. laboratory experimentation with operational relevance).  
Within the larger context of Dynamic Systems Theory; it is easy to understand that this 
problem is one of multiple spatio-temporal scales, all of which must be integrated and 
regulated by the nervous system in accordance with the constraints on the system, the 
interaction with the environment, and the need for concinnity of performance in goal-
oriented tasks. 
 
Figure 2.7: Co-Parameterization of stiffness during postural transition from landing 
to upright posture for marksmanship 
  
2.3 Precision Aiming and Pointing in Motor Control 
2.3.1 History of Marksmanship in Movement Science 
Marksmanship has long been used as a vehicle to understand many aspects of 
human movement and motor control.  In the early 1600’s, De Gheyn evaluated posture 
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for marksmanship and other military poses as a means to understand the nature of 
movement (Meijer, 2001).  De Gheyn was specifically examining the view of Descartes 
of animals as machines, in attempting to understand how movement was initiated (“who 
pulled the strings”) by gaining insight from the precision of military postural assembly 
(Figure 2.8).   
  
Figure 2.8: “Musketeer or Automata” (J. De Gheyn; The Exercise of Arms, 1607)   
 
In 1896 the first recorded research on posture and load was conducted by the Germans 
(Leitenstorfer, 1896) incorporating marksmanship stances among the variety of postures 
investigated.  From this point forward in our collective history, many more 
marksmanship investigations have been completed to gain information on our ability to 
perform precision tasks, and the effects of postural stability on that performance 
(Arutyunyan et al., 1968, 1969; Doppelmayr et al., 2008; Marshall, 1948; Mononen et al., 
2007; Seashore & Adams, 1933; Zatsiorsky and Aktov, 1990). 
Despite its importance for the Warfighters in harms way, however, little relevant 
research exists on the biomechanics and regulation of the marksmanship task and how it 
is performed (e.g. how the postural and focal synergies interact to successfully complete 
task performance).  While some data exists on the effects of roadmarching (Knapick et 
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al., 1997), equipment interaction (Ashby et al., 2009; Kramlick, 2005; Montague, 1958; 
Tharion & Obusek, 1999), fatigue (Ashby et al., 2009; Knapick et al., 1997), and cortical 
quieting (Jannelle et al., 2000a, 2000b); none of these efforts provide the data necessary 
to understand the assembly of posture necessary for marksmanship.  No systematic 
evaluation of segmental coordination for ecological rifle marksmanship has ever been 
conducted, although a few exist on pistol performance (Walmsley & Williams, 1994; 
Williams and Walmsley, 1991).  The majority of the research to date starts with an 
already established “shooting” posture (Arutyunyan et al., 1968, 1969; Era, et al., 1996; 
Knapick, 1997; Kramlick, 2005 Zatsiorsky and Aktov, 1990).  The few that incorporate 
dynamic marksmanship only measure the end performance, not the manner in which the 
system assembles itself to achieve this performance (Ashby et al., 2009; Montague, 1958; 
Tharion & Obusek, 1997).   
In no way does static marksmanship represent the ecological realism of the 
Warfighters’ combat performance or an understanding of the necessary rapid assembly, 
disassembly, and integration of synergetic postures (coalitions) in combat marksmanship 
(i.e. “Shoot and Move” Dynamics).  The current effort is the first of its kind, and 
specifically seeks to understand the dynamic marksmanship task from environmental 
information gathering (target identification and discrimination) through sequential 
performance of pulling the trigger (assembly and disassembly of coalitions for 
performance).  Most importantly, this effort embeds these dynamics in the operational 
reality of postural transitions for marksmanship and the effects of equipment and 
environment on the emergent action.  In the absence of this embedding, the results would 
be equivocal, less meaningful, and less fruitful for our understanding of action (Reed, 
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1982; Riccio, 1993).  Despite the lack of information in the specific area of ecological 
marksmanship, there are several topic areas within Biomechanics, Motor Control, and 
Neuroscience that provide significant foundation for the manner in which this research 
may be initially approached. 
2.3.2 Postural Control, Emergent Action, and Marksmanship 
2.3.2.1 Traditional Marksmanship Research 
Much of the research on marksmanship is aimed at improving sports performance 
like the biathlon (Aalto et al., 1990; Niinimaa & McAvoy, 1983), understanding the 
ability to train to improve balance for sport (Mononen et al, 2003, 2007), and evaluate the 
neural regulation of a precision task (Doppelmayr et al., 2008; Goodman et al, 2009; 
Zatsiorsky & Aktov, 1990).  Alternatively, Arutyunyan et al. (1968, 1969) specifically 
used a pistol marksmanship task to evaluate the establishment of synergies in aiming 
performance between novice and expert marksmen.  These studies provided some of the 
earliest support for the reality of Bernstein’s notion of synergies and the primacy of the 
“Image of Achievement” as the invariant in human performance (Bernstein, 1935).  
Bernstein’s perspective was that the “Image of Achievement” was the primary driving 
force behind observed goal-oriented movements, and that the goal as the final cause 
(teleology) provided the primary constraints on the system (Bernstein, 1935).  Using 
simple measures and auto-correlation analysis, Arutyunyan et al. (1968, 1969) 
demonstrated the “Synergism of Aiming” through co-variation of the shoulder-wrist 
coupling in order to keep the pistol trajectory relatively invariant.  The simultaneity of 
joint interaction in the experts with near zero time lags differed significantly from the 
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reactive process between joints observed in the novices (time lags greater than zero).  
Moreover, while the novices’ relationships between pistol movement and wrist / shoulder 
movement were substantial, the experts’ relationships between the working point and the 
joints were much less strong (Arutyunyan et al., 1968, 1969).  This is precisely the 
expectation of synergistic dynamics and distributed regulation within the system.  Since 
these seminal studies on the aiming synergies, few further efforts have attempted the next 
move to realistic dynamic movement in marksmanship (Walmsley & Williams, 1994; 
Williams and Walmsley, 1991), and those have used pistol shooting without further 
investigation into the actual organization of synergies.  
However, static marksmanship posture and its influence on precision performance 
has provided great initial insight into the manner in which postural “stability” may effect 
focal task performance (Era et al., 1996, Mononen et al., 2007; Zatsiorsky & Aktov, 
1990).  By observing the center of pressure time series and the fluctuations at the aim 
point (barrel of gun), researchers were able to describe the relationship and effects of 
increasing postural sway on reduced performance on target (Aalto et al., 1990; Mononen 
et al., 2003; Zatsiorsky & Aktov, 1990).  These researchers found that experts were able 
to control their body sway (“postural instability”) to a much greater extent than novices, 
resulting in more consistent performance (Aalto et al., 1990; Mononen et al., 2003, 2007; 
Zatsiorsky & Aktov, 1990).  Era et al. (1996) demonstrated a significant difference in the 
regulatory capability of experts and novices with regards to the time evolving dynamics 
prior to the actual firing of the gun.  These authors found that the aim point variability on 
target was the same throughout the 7.5s preceding firing for novices, but the variability 
steadily decreased until trigger pull for experts.  This finding is in agreement with 
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existing data on “cortical quieting”, visual attention, and marksmanship where experts 
demonstrate the ability to selectively and increasingly focus on the specific performance 
of marksmanship as trigger pull approaches (Goodman et al., 2009; Jannelle et al., 2000; 
Kerrick et al., 2007). 
Zatsiorsky and Aktov (1990) examined two different “control” strategies in 
marksmanship; a “fixation” strategy where subjects attempted to keep the aimpoint on the 
target center in a consistent manner and an “interception” strategy where the subjects 
incorporated trigger pull into naturally occurring aim point fluctuations at the right time.  
These authors concluded that the “fixation” strategy was employed by the marksmen, and 
that the movement of the aimpoint was dampened each time it approached the target 
center (Zatsiorsky & Aktov, 1990).  This strategy is reminiscent of the naturally 
occurring dynamics observed in other precision pointing/aiming tasks (Kay et al., 1987; 
Mottet & Bootsma, 1999; Mottet et al., 2001), and suggests that point to point movement 
paradigms (e.g. Fitts Law Tasks) may prove useful in understanding the ecological 
dynamics of marksmanship.  Ecological combat marksmanship involves the movement of 
an aimpoint from initial to final target position, or between 2 target positions.  As in Fitts 
Law Tasks; the speed-accuracy trade off is of primary importance as it relates to target 
size.  For ecological combat marksmanship, target size is a function of distance from 
target and directly related to urgency of response.  As demonstrated by Mottet et al. 
(2001), the Fitts Law paradigm is able to be used in task space with any number of 
different pointer (working point) combinations.   
Goodwin et al. (2009) used marksmanship to investigate movement strategy in 
precision task performance, and suggested the static marksmanship task is a result of two 
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different processes.  They suggested an active search component for the target as a 
deterministic process, and a random component that is due to the non-commensurability 
between the perceptual and motor systems that reflects the inability of the motor system 
to be as precise as the perceptual systems (Goodman et al., 2009).  These authors 
suggested that the processes were similar between novices and experts qualitatively, but 
that the experts were able to regulate the magnitude of the random “noise” for improved 
performance.  As it is not helpful to introduce the concept of “noise” into biological 
systems (Latash, 1996; Riccio, 1993; Riley & Turvey, 2002); an alternative explanation 
of these results is a piecewise-deterministic process with a degree of stochasticity 
providing exploratory information at faster time scales necessary for action (Riley & 
Turvey, 2002).  The observed results would then be conceptualized as the need for 
novices to require more information for the performance of the task, and is reminiscent of 
the “exploratory” and performatory” aspects of action naturally nested and integrated at 
different time scales (e.g. allometric regulation of action: Riccio, 1993; West and Griffin, 
1998; West et al., 1999). 
Aalto et al. (1990) specifically assessed the ability of “shooting clothing” (heavy, 
purposefully stiff clothing) on the performance of experts, finding that the clothing 
dampened the effects of postural sway on the aim point.  Some data from the military 
(Kramlick, 2005; Tharion and Obusek, 1999) have suggested similar benefits from 
combat equipment.  Kramlick (2005) found that marksmanship performance in a variety 
of static postures (kneeling, standing, etc.) was improved for Soldiers wearing body 
armor up to 150 m.  Tharion and Obusek (1999) suggested that the improved 
marksmanship performance in upright posture with armor may be partially due to the 
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“damping” of fluctuations via equipment.  While these findings do not seem unfeasible 
with regards to the mechanics of the human-clothing/equipment interaction in damping 
static working point fluctuations; that increased equipment may aid dynamic 
marksmanship performance is a potentially dangerous assumption.  This is especially true 
given that these efforts did not embed the performance in the necessary degree of 
ecological realism for operational relevance (i.e. movement with inertial and interaction 
dynamics).  As is demonstrated by Williams and Walmsley (1991), observations of 
dynamic marksmanship performance on larger time scales (i.e. observing the 
establishment of posture for marksmanship) demonstrate very different dynamics than 
those more similar to static range firing.  Additionally, in ecologically realistic 
environments, the consequences of additional equipment and weight are unknown with 
regards to the consequences of establishing the necessary postures for marksmanship and 
follow-on performance.  Finally, it remains unclear that there were any temporal 
constraints on the Soldiers executing this research (Kramlick, 2005; Tharion and Obusek, 
1999), while the temporal constraint on Warfighters is an unequivocal fact of combat 
operations for survival. 
2.3.2.2 Marksmanship Dynamics and the Emergence of Action  
There are no studies of rifle marksmanship performance that evaluate dynamics of 
movement leading up to precision task performance, however some studies of pistol 
performance provide insight into different approaches to this problem (Scholz et al., 
2000; Walmsley & Williams, 1994; Williams and Walmsley, 1991).  Williams and 
Walmsley (1991) specifically examined the dynamics of pistol shooting in an ecological 
context in an attempt to understand the nature of this serial task.  These authors used 
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standardized pistol competition conditions to examine if invariance in timing relations 
existed when shooting five successive targets within different time allowances (4, 6, & 8 
seconds).  The following epochs were considered; time from “GO” signal to movement 
onset (Reaction Time), time from movement onset to final position on first target (HT), 
the successive times between sequential targets 1-5 (T1 – T5), and the time remaining 
(Williams and Walmsley, 1991).  The authors found invariant relative timing relations in 
the middle epochs of target engagement (T2-T4) as a function of the total time allowed, 
but not in other epochs; suggesting that different dynamics exist for the epochs involving 
the establishment and disestablishment of posture (Williams and Walmsley, 1991).  
These authors used resultant acceleration data (from 3 separate time series) in the butt of 
the gun as the observable data, thus the manner in which the body was organized to 
achieve the above results is unclear.  In a related study, the same authors (Walmsley & 
Williams, 1994) examined the invariance of these dynamics in phase plane trajectories of 
the resultant acceleration data.  The geometrically similar trajectories provide support that 
a single functional synergy was used for all three shooting tasks (4, 6, & 8s), despite 
some differences in the metrical specification of movement (Walmsley & Williams, 
1994).  The temporal structure in this effort was examined using Z-score transformations 
of the acceleration data over previously defined epochs, and demonstrated “remarkable 
consistency”, with reliability coefficients of 0.95, 0.94, and 0.91 for the 4, 6, and 8-
second trials (Walmsley & Williams, 1994).  These authors’ approach to marksmanship 
at an ecological level is a move in the right direction considering the degree to which 
differential embedding of the “animal” affects subsequent performance (Reed, 1982; 
Riccio, 1993; Williams & Walmsley, 1991).   
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Despite this move towards a more ecological approach, these authors (Walmsley 
& Williams, 1994; Williams & Walmsley, 1991) did not attempt to determine the process 
of assembly of the marksmanship synergy, nor its re-assembly at successive targets.  It is 
suggested that at smaller scales within each epoch, a rapid assembly and disassembly of 
postures for marksmanship are established between movement phases.  This approach 
may provide meaningful information with regards to the effect of combat equipment on 
Warfighter adaptability, flexibility, and survivability in the combat environment.  Only a 
single research study approaches the assembly of marksmanship posture in motor control 
(Scholz et al., 2000).   
Scholz et al. (2000) suggest that pistol marksmanship demonstrates the necessary 
time-emerging aspects of synergy formation using the Uncontrolled Manifold (UCM) 
concept.  In examining the co-variation of shoulder, elbow, wrist, and pistol movement in 
a single plane they clearly demonstrated that the aiming synergy components co-varied in 
a manner to perform the shooting task (Scholz et al., 2000).  Most importantly, the UCM 
methodology demonstrated that the variability in system was only “controlled” when it 
affected the goal-oriented performance of the system, which is indicative of the self-
organizing and self-correcting nature of synergies (Bernstein, 1947; Kelso et al., 1984; 
Latash et al., 2002).  While helpful in conceptualizing the ability of the human system to 
create a “marksmanship synergy”, the UCM methodology is not yet computationally 
robust enough to be used in ecological studies using many degrees of freedom (Scholz, 
2009; personal communication).  Clearly, one of the restrictions on the ability to 
successfully conduct ecological research includes computational methods and underlying 
theory to support the necessary research questions.  While the Dynamic Systems 
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approach provides this the greatest extent; the science is still young and the ability to 
formalize existing theoretical constructs is not always as robust as one might hope.   
2.3.3 Synergy Development in Aiming Tasks and Visuo-Motor Dynamics 
2.3.3.1 Synergy Development in Aiming Tasks 
Despite the lack of research on segmental coordination and synergy development 
in marksmanship, a fair amount of research does exist on synergy development and 
regulation of action during aiming and pointing tasks (Crawford & Vilis, 1995; Hepp et 
al., 1991; Hore et al., 1992; Riley et al., 1998; Zatsiorsky, 1998).  Some of the research 
examines the foundation of Listing’s and Donder’s Laws with regards to the position of 
the eye in the head, and the applicability of these Laws to more functional pointing or 
aiming movement (Crawford & Vilis, 1995; Hepp et al., 1991; Hore, et al., 1992; 
Zatsiorsky, 1998).  Other investigations explore postural regulation during aiming at a 
target during different upright postures (Balasubramaniam et al., 2000; Riley et al., 
1998).  Both veins of research provide solid concepts and fundamental information for 
the understanding of movement dynamics and regulation of the action system during the 
visuo-motor tasks of pointing/aiming/marksmanship. 
Donder’s Law states that for any gaze direction, the eye assumes a unique 3D 
orientation regardless of its starting position (Figure 2.9; Crawford & Vilis, 1995).  
Listing’s Law states that for a particular reference position the direction of gaze is 
orthogonal to the associated plane of position vectors (Listing’s Plane) (Crawford & 
Vilis, 1995).  Figure 2.9 graphically depicts the restricted motion of the eye to Listings 
Plane during movement (Figure 2.9 A) and the observed constraint in the torsional 
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orientation of the eye in the head ( Figure 2.9 B) despite their anatomical accessibility to 
greater ranges of motion.  The fundamental implications of these laws are that movement 
of the eye in the head is restricted to 2 dimensional positions, despite its access to 3 
dimensions of movement within the head.  Most authors suggest that this observed 
reduction in the degrees of freedom represents a synergistic strategy that minimizes the 
need for regulation, optimizes meaningful perceptual relations with the environment 
(horizontal work space), and results in the most efficient movement in the gravitational 
field (Crawford & Vilis, 1995; Hepp et al., 1991; Zatsiorsky, 1998).  Given the 
robustness of the data to support these findings and the importance of their potential 
implications for other “motor” systems, investigators sought to determine if these laws 
held true for movements of the head, arms, and torso during more complex aiming and 
pointing tasks. 
 
Figure 2.9: A. Listing’s Plane, B. Donder’s Law, and C. the Fick Gimbal as 
reductions in the available degrees of freedom in compliance with natural laws (e.g. 
(e.g., Gravitational Constant) 
 
Hepp et al. (1991) determined that movement of the head complied with Listings 
Law, demonstrating that movement of the head during fixed orientation, smooth pursuit 
of targets, and saccadic head movement had a standard deviation of 1.4° to Listing’s 
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Plane.  However, when the arm was incorporated into the above tasks, compliance with 
Listing’s Law was dependent on where in the testing volume the target position was 
located (Hepp et al., 1991).  Further investigation by the same authors determined that 
when Listing’s Plane was situated within the workspace (e.g. not body centered, but 
workspace centered) compliance was much greater, suggesting a reduction from 9 
degrees of freedom (Eye, Head, Arm in 3 D coordinate space) to a 2 dimensional plane 
(Hepp et al., 1991).  Hore et al. (1992) and others (Crawford and Vilis, 1995; Zatsiorsky, 
1998) have data supporting this basic position, but expand the investigations into arm 
movements for greater understanding of its compliance with these laws.   
While these authors found proof of the arm taking a unique position for any 
specific target position regardless of initial position (in compliance with Donder’s Law), 
they failed to find compliance with Listing’s law beyond a limited range of motion in the 
arm (i.e. it failed to comply to the observation of 2D planar movement).  However, they 
did determine that movement of the arm seemed constrained to a surface, more 
representative of a Fick Gimbal (Figure 2.9 C: Hore Watts, and Vilis, 1992; Zatsiorsky, 
1998), and suggested that this restriction was the result of a neural strategy for 
minimizing control requirements, energy expenditure, and amount of work in a 
gravitational field.  Despite the findings that the movement was not restricted to planar 
movement, restrictions to specific surface geometries still support a reduction in degrees 
of freedom during movement regulation.  Crawford and Vilis (1995) added the 
suggestion that this approach was not only helpful for the movement construct, but that it 
maintained head orientation, potentially providing a more constant perceptual 
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information with regards to the horizon (visual), gravitational field (vestibular), and 
functional workspace orientations.  
The above research suggest that, despite access to many 3D positions and 
trajectories in space for attaining final position or tracking targets, the self-organization 
of the human system regulates itself such that minimum energy expenditure and maximal 
perceptual information is available relevant to our environment (Crawford & Vilis, 1995; 
Hepp et al., 1991).  It is important to note that the effect of the gravitational field on the 
underlying dynamics of living systems seems to contribute substantially to this self-
organization.  It seems that only when the environment is included in the task constraints 
(gravitational fields and visual horizons) that these findings are able to be contextualized 
on the broader scale of potential consequences for movement.  Hepp et al. (1991) 
observed other results in their data that also comply with more fundamental laws of 
motion, noting that during all pursuit tasks (smooth or saccadic) there existed a lag 
between eye-head-arm.  They suggested that this lag had to do with the need to move 
substantially more inertia in the field of gravity (Hepp et al., 1991) and was the result of 
these fundamental dynamics.  Examining the manner in which the human system 
organizes itself during dynamic marksmanship with regards to target positions and 
movement dynamics appears to be achievable through similar investigations into this 
functional aiming task.  Moreover, understanding the constraints on the synergistic 
development of aiming as well as the lag between movement cessation on target have 
implications for future research and the development of future equipment to optimize 
Warfighter survival.   
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 Precision aiming and the ability to acquire and maintain the aim point on a target 
from a distance is critical for overall success in marksmanship tasks, and is related to the 
degree to which postural sway may be minimized (Aktov & Zatsiorsky, 1991) or 
incorporated into the larger dynamics of movement.  Balasubramaniam et al. (2000) 
examined the dynamics of the center of pressure patterns during different aiming tasks in 
upright stance.  These authors manipulated the direction of the target (straight ahead in 
the Anterior-Posterior (AP) direction, or directly to the right in the Medio-Lateral (ML) 
direction, and its distance from the subjects while they faced forward (AP) on a force 
plate (Balasubramaniam et al., 2000).  Subjects were asked to keep a laser pointer aim 
point (held in their hand at their side) within a small target area at all distances.  Results 
indicate that the subjects were able to differentially regulate the AP and ML time series 
of the center of pressure pattern in order to successfully complete the task in the 
necessary direction (i.e. reduced movement in the direction that would affect the ability 
to successfully perform the task).  Using Average Mutual Information (AMI), these 
authors demonstrated that the information content of the two signals were independent of 
each other, supporting the position that the human system can factorize the AP and ML 
components of the center of pressure when tasks demand it (Riley et al., 1998; Winter et 
al., 1996).   
Of equal importance is their finding that as the level of task difficulty increased 
(target size decreased), the root mean square deviation in the appropriate component of 
the center of pressure decreased (i.e. the one that did not impede goal-performance), and 
increased in the other component (Balasubramaniam et al., 2000).  This demonstrates two 
important aspects human performance during visual aiming tasks; 1) that the visual 
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system is used simultaneously for postural and precision task control, and 2) that the 
spatial and temporal information necessary for action in the form of exploratory 
movement can be factorized in a manner not to interfere with task constraints 
(Balasubramaniam et al., 2000; Riccio, 1993; Riley et al., 1998).  This simultaneity of 
exploratory and performatory action by the center of pressure at different temporal and 
spatial scales relative to the task is indicative of the interaction of nested perception-
action systems, and the synergistic integration of distributed functionality within the 
system acting together to perform the goal-directed movement (Balasubramaniam et al., 
2000; Mitra, 2003; Mitra and Frazier, 2004; Riccio, 1993; Riccio & Stoffregen, 1988; 
Riley et al., 1998; Riley & Turvey, 2002).   
While the development of synergies for marksmanship has been suggested to 
occur during static (Arutyunyan et al., 1968, 1969) and restricted dynamic marksmanship 
(Scholz et al., 2000); the above findings of synergistic action under more complex 
conditions of eye-head-arm orientation and precision aiming during functional tasks 
represent a clearer picture of what may be expected under dynamic marksmanship 
conditions.  Moreover, the ability of the synergy to develop, and its robustness to 
perturbation would seem to be at least partially affected by the location of target in space 
(given the gravitational effects), and the segmental loading on the system (given the 
inertial contributions and potential time lags).  Overall, it appears clear that the emergent 
action and regulation of center of pressure dynamics observed during the marksmanship 
task will clearly be affected by the ability of the system to form solid coalitions within the 
actor (eye-head-gun coordination, postural and aiming synergy interactions, and other 
nested interactions) and between actor and environment (dynamic visual acuity, 
 99 
 
vestibular information, surface support).  When coupled with the issue of combat 
equipment, it should be expected that different configurations and target positions will 
metrically specify different states on the high dimensional structural topography of this 
marksmanship synergy.  
2.3.3.2 Visuo-motor Dynamics; Dynamic Visual Acuity and “Quieting” during 
Precision Performance  
In an ecological approach to marksmanship and other precision tasks, dynamic 
visual acuity and the ability of the subject to “cognitively focus” on the target is of utmost 
importance for performance (Banks et al., 2004; Hatfield et al., 2004; Haufler et al., 
2000; Hung et al., 2007; Janelle et al., 2000; Kerrick et al., 2007).  The visual perception 
system is certainly affected by the type of movement, and the amount of other 
information to which the system must attend (Kerrick et al., 2007; Lee & Lishman, 1977; 
Lee et al., 1997; Mitra, 2003; Mitra & Frazier, 2004).  Given the Gibsonian perspective 
of the entire kinetic chain as the perceptual system (Gibson, 1979; Turvey, 1990); it is no 
surprise that movement and segmental loading may affect perceptual capabilities to 
inform meaningful action.  Determination of the manner in which it is affected, the 
adaptability of the system within the task constraints, and the system’s ability to attain the 
necessary information would appear to be primary research questions for marksmanship 
and Warfighter performance in general.  While little research has been focused on 
marksmanship and dynamic visual acuity; “cortical quieting” research has been 
extensively conducted via marksmanship as a visuo-motor task (Hatfield et al., 2004; 
Kerrick et al., 2007; Konttinen et al., 1999).  Despite the lack of specificity in the 
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dynamic visual acuity (DVA) data for marksmanship and target identification and 
discrimination, existing research can provide a basis from which to proceed in this area.   
It is clear that the ability to foveate on a visual target involves the entire kinetic 
chain during motion (Gibson, 1979; Mulavara & Bloomberg, 2002; Peters, 2006; Warren 
et al., 1986), and that the high impact phases of the locomotive work cycle (heel contact) 
are detrimental to this ability (Hillman et al., 1999; Hirasaki et al., 1999; Peters, 2006).  
What is less clear is how focal movement involving the head-body system (e.g. the eye-
head-arm pointing tasks discussed above) during a visual acuity task is integrated into the 
regulation of the system and its impacts on DVA performance.  While most DVA 
research has been conducted using static head positions and moving targets in the visual 
field (Banks et al., 2004; Lee et al, 1997; Peters, 2006), Lee et al. (1997) examined DVA 
during voluntary head rotation at different frequencies (0.7 – 4.0 Hz) and found that the 
eye movement increasingly compensated in an anticipatory fashion as frequency 
increased (e.g. moved in advance of the head rotation).  Within this range of frequencies, 
the authors (Lee et al., 1997) suggested that the vestibulo-ocular reflex was able to 
compensate for voluntary head rotations.    
To some degree, these results may suggest that those of Hepp et al. (1991; i.e., the 
lag in eye-head-arm time courses during pointing) may also have affected indirectly by 
inertial loads and directly by different segmental loads.  This suggestion is supported by 
the work of Freedman (2008), who demonstrated that eye-head coordination is greatly 
parameterized by the speed and magnitude of movement.  The manner in which DVA is 
achieved, then, emerges from the eye-head coupling as the result of many complex 
interactions within the neuromuscular system (e.g. a complex system, with its own 
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dynamics nested in the larger dynamics of motion).  The frequency and magnitude of 
head movement and of the entire kinetic chain is directly specified by the interactions 
with the environment (e.g. landing, locomotion, upright stance, etc) and the task 
constraints (temporal urgency, physical load, target position).  This nesting of action-
perception systems at multiple spatio-temporal scales is what requires the concept of 
allometric regulation, given the fractal nature of the human movement system and the 
need for concinnity for performance (Duarte & Zatsiorsky, 2000; Liebovitch, 1998; Riley 
& Turvey, 2002; West & Griffith, 1998).  Figure 2.10 provides a visual aide in 
understanding and listing the different processes and parts that must interact at various 
spatio-temporal scales in order to realize the functional goals of the biological system at 
the timescale of action.  While this research effort necessarily focuses on performance at 
a macro-level to answer the questions of interest, it is important to recognize that the 
ability to achieve these states is predicated on the interactive nature of systems working at 
faster time scales (Haken, 1985; Liebovitch, 2001; West & Griffin, 1998).  More 
importantly, it is important to gain an understanding of the fundamental dynamics at 
faster time scales that support successful organization (e.g. center of pressure and aim 
point frequency content and precision performance and timing). 
Related research into precision performance and the relationship between 
“cortical quieting” and visuo-motor attendance to the target (“quiet eye”) has provided 
substantial information on the performance of marksmanship tasks (Hatfield et al, 2004; 
Kerrick et al., 2007; Jannelle, 2000;).  The fundamental perspective of most of this 
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Figure 2.10: Systems of Perception-Action and the relationship to allometric 
regulation of human movement 
 
research is that specific areas in the brain must be “quieted” and specific frequency 
interactions must occur in order to perform precision visuo-motor performance.  This 
quieting is suggested to reflect reduced neuromotor noise within the visuo-motor system 
(Kerrick et al., 2007).  More globally, these represent the ability to “tune out” information 
not relevant to performance, and attend specifically to those visual aspects required for 
precision marksmanship.  In many studies (Hatfield et al., 2004; Kerrick et al., 2007; 
Jannelle et al., 2000), the results have demonstrated that those subjects whose 
electroencephalogram (EEG) reflects this quieting are able to perform must better in 
marksmanship tasks with regards to accuracy on target.  Additionally, it has been shown 
that this quieting appears to be a time-evolving dynamic, with increased quieting as 
trigger pull approaches (Kerrick et al., 2007).   
Other aspects of this research suggest that the longer subjects are allowed to 
foveate on the target, the more accurately they are able to perform the precision visuo-
motor task (Denny et al., 2009).  In general, much of the work in this area focuses on the 
differences between novice and expert shooters, and the relationships between cortical 
quieting, quiet eye, and accuracy performance.  One might suggest that this quieting 
(cortical or visual) may play a role in the findings of Era et al. (1990) that expert 
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marksmen are able to continuously reduce their aim point variability on target as the time 
to trigger pull approaches.  The fact that end-point variability, cortical quieting, and quiet 
eye show similar time-evolving dynamics are indicative of their interrelationships from 
an ecological perspective.  However, no studies exist that explicitly examine the aimpoint 
fluctuation or segmental variability and these measures of “visuo-motor quieting”.  To a 
great extent this is due to the limitations of collecting the EEG signal during movement, 
and the number of trials necessary to accurately extrapolate the evoked potentials within 
the signal of interest.   
Given these limitations, most existing research on marksmanship in this area has 
been conducted under static conditions, thus the findings may be limited with regards to 
their applicability to dynamic combat shooting.  Kerrick et al. (2007) however, conducted 
a marksmanship study to examine the effects of cognitive demand (mathematical 
computation) on performance.  While subjects in this effort did move the gun in a 
relevant manner; kinematics were not recorded (Kerrick et al., 2007).  It must be noted, 
however, that the findings of increased quieting of the cortices and the eye and increased 
performance have been substantiated in other “visuo-motor” precision tasks, including 
baseball pitch recognition (Raldo et al., 2001), dart throwing (Chen et al., 2005), and 
other tasks requiring precision performance (Salazar et al., 1990; Weinberg & Hunt, 
1976;).  From the ecological perspective, the observed cortical quieting and the “quiet 
eye” may be interpreted as mutually reciprocal, and fundamentally reflecting the 
environmental interaction with the entire perceptual system under different task 
constraints.  Rather than a uni-directionally quieting of the eye, by the cortices, the 
relationship between cortical quieting and quiet eye may provide more meaningful 
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information and insight into the interactions of aspects of visual performance.  Moreover, 
the relationship of these different time series (cortical, visual, and segmental) could 
potentially be used to examine the higher dimensional state of the system and its 
adaptability and flexibility to dealing with perturbations within the entire task dynamics.  
It would appear that if the technological difficulty of collecting the signals under more 
ecological conditions could be overcome, the possibility for a greater understanding of 
dynamic marksmanship (and other visuo-motor tasks in general) could be achieved for 
the benefit of the Warfighter.  
Despite the plethora of information above, integrating all of the above visual 
research into potential consequences for the prediction of precise marksmanship 
performance is impossible.  The different contexts that exist within the task (static – 
dynamic, target location, equipment configuration, etc.), the lack of integrated research 
efforts, and the inability to predict interaction dynamics between the necessary scales of 
nested performance precludes this in the absence of experimentation.  However, the 
research does provide a substantial understanding of the observables and interactions of 
interest with regards to what may be driving the systems’ regulation in an ecological 
context.  As in the landing task, the need to establish coalitions between the nested 
dynamics and their ability to exchange information necessary for action may be 
significantly compromised by combat equipment.  Dynamic visual acuity during self-
motion and the inertial consequences of combat equipment at several time scales 
(vestibulo-occular response, segmental, etc.) would appear to be an important factor for 
foveation within the environment.  One would expect that differences in DVA affect the 
ability to identify areas of risk, make determinations of threat, and move in a manner to 
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increase the survivability of the Warfighter (cover and concealment or target 
engagement).  Globally, and in terms of operational relevance, we must seek to better 
understand the effects of combat equipment on Situational Awareness (SA) for the 
Warfighter, and do so at many different time scales important for performance 
(exploratory, performatory, and those in between providing information exchange 
necessary for self-organization and regulation of action).  With regards to the issues of 
cortical quieting and quiet eye in a dynamic environment, basic research is needed to gain 
information on the interaction between systems necessary for performance at the global 
level.  Moreover, if the state of the system as reflected via cortical quieting is indeed 
important for accurate dynamic marksmanship (as strongly suggested by existing 
research across visuo-motor tasks); fundamental investigations into how quickly this 
quieting can be achieved during relevant establishment of posture must be undertaken. 
2.3.4 Equifinality and Motor Abundance in Precision Tasks 
As noted in Chapter I, Bernstein initially observed the kinematic patterns of 
laborers working the hammer and anvil and noted the invariability of the “working point” 
(site of hammer-anvil contact) via many different kinematic arrangements of the 
segments and hammer (Bernstein, 1947).  These observations, and others (Latash, 1993, 
1996), have led to the fundamental understanding that even when a task remains 
consistent in the workspace, the human system arranges its available degrees of freedom 
in many different ways to achieve the same final result.  This motor abundance is a direct 
result of the high number of available degrees of freedom (i.e. high dimensionality) to 
perform precision tasks that only require precision to a single point in 3-demensional 
space (Bernstein, 1967; Latash, 1996; Turvey, 1977).  More importantly, the issue of high 
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dimensionality and variability in the kinematics for performance began the research 
which demonstrated the near-impossibility that motor units, muscles, or joints were the 
focus of “central control” (Feldman, 1986; Fiegenberg & Latash, 1996; Gelfand et al. 
1971; Latash, 1991).  To no small degree this initial step, and those that naturally 
followed, have provided substantial contributions to the theory of self-organization in 
biological movement systems.  
With regards to precision performance in manual reaching or pointing tasks, 
Spring-To-Endpoint (STE) models of movement provide a basis for understanding how 
specific segments may be parameterized in a manner that still allows autonomous 
function and the ability to be modulated by environmental constraints (Feldman, 1986, 
1998; Rosenbaum, 1991).  Arguably, the most successful of these models is the λ-Model, 
or Equilibrium Point Hypothesis by Feldman (Feldman, 1966, 1986, 1998).  While other 
models exist in various forms [γ-model (Merton, 1953), α-Model (Bizzi, 1992), Vector 
Integration To Endpoint (VITE) model (Bullock and Grossburg, 1988)], none have yet 
demonstrated the ability to accurately describe movement as thoroughly at multiple levels 
of observation, nor have they demonstrated strong evidence for their physiological basis 
in the instantiation of their results (Berkinblit et al., 1986; Feldman, 1966; Kay et al, 
1987; Latash, 1993; Rosenbaum, 1991).  The strength of the λ-model comes from its 
fundamental physiological basis involving both direct (“central”) and indirect regulation 
(“peripheral”) at the final common pathway (the motor unit), and the ability to abstractly 
consider the implications of this in broader contexts within motor control.  The weakness 
of the λ-model is the inability to describe the actions between “the executive” and the 
final common pathway (this weakness exists throughout movement science, as the 
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functional organization of the spinal cord continues to elude science and the brain as 
“executive” may be the wrong starting point).   
Nonetheless, the fundamental principles and experimental data (Feldman, 1966, 
1986, 1998; Berkinblit et al., 1986) provide a basis and sound theory that allow for higher 
level abstraction that has been helpful as a way to understand human movement.  
Feldman’s λ-theory suggests that movement and static posture are not different for the 
executive system, and that the parameterization of the λ-variable by the CNS provides the 
basis by which equilibrium points may be achieved as postural sets (Feldman, 1998; 
Latash, 1993).  In this model, the stiffness of the system is established at final positions 
by reaching equilibrium throughout the kinetic chain with the load on the segments 
through a general specification of the λ-parameter that allows the lower levels to be 
relatively autonomous in how they arrive at this final posture (i.e. motor unit recruitment 
and the muscular relationships are governed by more “local” laws, e.g. Henneman’s Size 
Principle).  This approach, despite its reliance on the executive system, can be easily 
adopted within the confines of the self-organizing approach to human movement (Latash, 
2008).  
While the λ-model is certainly considered a hierarchical control model, it does 
allow for autonomous action and self-organization within hierarchy at various levels 
thereby relieving the executive from having all the responsibility of control.  When the λ-
model is conceptualized within a more ecological approach to movement; it offers the 
means by which environmental information may interact to co-parameterize the system in 
a global manner, without the need for complex representation or computational models 
that instantiate the problem of inverse kinematics and inverse kinematics for the nervous 
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system (Craik, 1943; Dubois, 2001; Fiegenberg, 1998; Gallistel, 1999).  The elegance of 
the λ-model provides a potential means for the formation of coalitions between the 
internal state of the system specific to a task (i.e. the dynamics of the animal) and the 
information from the environment to be combined using Gibson’s approach to direct 
perception in the form of kinematic flow fields (Feldman & Levin, 1995; Gibson, 1979; 
Kugler and Turvey, 1987; Turvey et al., 1978;). 
For a balanced review of the λ-model, its strengths and weaknesses, other STE 
models, more computational approaches, and other models of trajectory planning the 
following references are suggested; Feldman (1966), Berkinblit et al. (1986), Rosenbaum, 
(1991; Chapter 6), Latash, (1993; Chapters 1, 7 & 8), Bullock & Grossburg (1998), 
Harris and Wolpert (1998), Todorov (2004). 
With regards to the task of ecological marksmanship, the conceptualization of 
these two approaches provides a potential way to understand how load might affect 
human performance.  From the perspective of the Equilibrium Point Hypothesis, the final 
position is regulated by the system by the interaction of the external loads on the system 
(within reason) and the state of the biological system (i.e. as specified in the λ variable).  
Adopting a Gibsonian perspective of direct perception, this position would be directly 
specified by the environmental information (e.g. the barrel of the gun would be 
necessarily oriented to the target as the working point of the system).  The ability of the 
system to realize this final state effectively would require perceptual specification of the 
working point and motor abundance (overdimensionality in the degrees of freedom).  In a 
system whose internal degrees of freedom were relatively unconstrained (e.g. no combat 
equipment affecting its functional realizability), the ability to perform the task would 
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present few functional performance issues, mostly those related to temporal 
responsiveness.  
With regards to the weight of the segmental loading by combat equipment, the 
instantiation of λ “simply” requires the lower levels of the nervous system to recruit more 
motor units until this final position is achieved (Feldman, 1966, 1986).  However, it 
would appear that the segmental loading of the system intrudes upon the available 
degrees of freedom for movement to reach equifinality in several ways.  In order to 
support the extra load, every segment loaded and those distal segments that support them 
for upright stance are already “in use” to some degree (i.e. there exists a greater threshold 
level of recruitment of motor units under load).  Additionally, other states of the system 
(i.e. segmental postures) would seem to be no longer available given the need to maintain 
the center of mass within the base of support under the implicit goal of maintaining 
upright stance.  The consequences of these different degrees of freedom being 
unavailable for movement must be the additional recruitment of motor units to reach 
equifinality within certain weights (Feldman, 1986), and under greater loads may result in 
a different recruitment of muscles and patterns necessary to achieve the task under these 
greater constraints.  This additional recruitment necessarily represents greater oscillations 
within the larger dynamics of the system at faster time scales, and will at some point have 
consequences for the overall performance as load increases (Haken, 1985; “Slaving 
Principle”).  When combined with the reduced functional realizability of the system (i.e. 
restricted access to all available postures as when in a loaded state), it seems probable 
that the system must organize itself differently to successful achieve the goal of 
marksmanship.    
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2.3.5 Ecological Combat Marksmanship 
Although no specific research has been conducted on marksmanship in an 
ecological context, or even with regards to postural / segmental coordination, the research 
above provides a sound basis to proceed.  Initial approaches into the task of dynamic 
marksmanship (transitions of posture within which this precision task must be performed) 
must necessarily examine the coalitions between perceptual variables and key “working 
points” (Latash, 1996; Turvey et al., 1978; Reed, 1982), while trying to gain information 
about the underlying dynamics of the system.  Clearly, dynamic visual acuity and the 
ability to foveate on environmental objects containing information during movement are 
important for the Warfighter.  The ability of the human system to adequately perform this 
task under combat load provides the basis by which Warfighters successfully move 
through the environment and survive enemy contact (through movement to cover and 
concealment or removing the threat).   
Moreover, the ability to quickly stabilize and “quiet” the visuo-motor system (at 
least to some degree) during transition to marksmanship postures appears equally 
important.  Coordination (eye-head-gun-trunk) in achieving marksmanship postures and 
how combat equipment affects the perception-action coupling during this transition to 
final posture dovetails into the need to understand overall visual perception (given that 
the entire kinetic chain is conceptualized as the “perceptual system”).  Center of pressure 
dynamics in static marksmanship tasks have provided some degree of information about 
their relationship to overall performance (Aalto et al., 1990; Zatsiorsky & Aktov, 1990), 
and should continue to provide greater insight into the dynamics of movement for 
precision performance.  Certainly, deeper investigations into the underlying dynamics of 
 111 
 
the center of pressure during movement would appear to be more fruitful to 
understanding Warfighter marksmanship (Balasubramaniam et al., 2000; Reed, 1981; 
Riley et al., 1998).  
2.4 Dynamics of Postural - Suprapostural Interactions 
2.4.1 Mutual Constraint of Postural Focal Task Dynamics 
Expectations for performance during the task of landing for marksmanship can 
not be achieved simply by adding the results of those involving landing and those of 
marksmanship together (Yiou & Schneider, 2010).  The establishment of posture for 
specific task performance provides different constraints on the manner in which the task 
must be performed (i.e. intentionality changes the necessary affordances for action) 
(Riccio, 1993; Riccio et al., 1993; Riccio & Stoffregen, 1988; Yiou & Schneider, 2010).  
The Principle of Superposition (analysis à synthesis) simply does not hold true for non-
mechanical systems (e.g. all of biology) (Gottlieb, 2000; West and Deering, 1995; Yates, 
et al., 1972).  Nested within the change in the overall task of landing for marksmanship 
are the reciprocal interactions between synergies within the system that affect how the 
functional goals of the system are simultaneously achieved (Balasubramaniam & Turvey, 
2004; Bernstein, 1947; Berrigan et al, 2006; Yiou & Schneider, 2010).   Thus, the manner 
in which landing must be accomplished is modified by the marksmanship dynamics and 
the marksmanship task is modified by the dynamics of landing.  Given the primacy of the 
marksmanship task for survival, an initial assumption might be that the postural task of 
landing “subserves” the ability to perform marksmanship (e.g. marksmanship is nested 
within the larger dynamics of establishment of posture).   
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This subservience of postural and locomotive synergies to “higher dynamics” 
(e.g. goal-oriented performance) has been suggested within the literature (Haddad, 2005; 
Mitra & Frazier, 2004; Riccio, 1993; Riccio and Stoffregen, 1988; Riley et al, 1998; 
Peters, 2006).  The reorganization of posture for action constitutes the postural 
affordances of task specificity, and has been demonstrated during visual task performance 
(Mitra, 2003; Mitra & Frazier, 2004; Mulavara & Bloomberg, 2002; Peters, 2006), 
reaching/pointing (Berrigan et al., 2006; Kaminski, 2007; Ma & Feldman, 1995), aiming 
(Balasubramaniam et al., 2004; Riley et al., 1998;), and other manual tasks (Riccio, 1993; 
Slijper et al., 2002).  Moreover, the theme of postural subservience to more goal-oriented 
movement is reflected in Bernstein’s hierarchy of functional movement, using the horse 
and rider metaphor (Bernstein, 1947).  In this metaphor, the horse provides the 
fundamental movement (Level of Tone & Synergies) and the rider provides the guidance 
and action through the specific environment (Level of Space and Action) (Figure 2.11).  
This has been a helpful way to envision the functional autonomy of the neuromuscular 
system, how the different levels of the hierarchy distribute the “labor” of performing 
movement, and the relationships between actor- environment-task (Bernstein, 1947; 
Latash, 1996).  
In recent literature, however, it appears that “subservience” may not be the 
appropriate way to envision the interaction within the human system.  Many recent 
investigations have demonstrated that postural and focal components of a task both 
change due to different constraints, as well as the interactive constraints between them 
(Galgon et al., 2010; Morasso et al., 2010; Patron et al., 2005; Robert et al., 2007; Yiou & 
Schneider, 2010).   
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Figure 2.11: Postural subservience to goal-oriented performance and Bernstein’s 
horse and rider metaphor 
 
Earlier examinations of postural – focal performance were very constrained (e.g. 
Marsden et al., 1983; Nashner & Cordo, 1982) with regards to static bases of support and 
specific focal movements as perturbations to posture (Belenkii et al., 1967; Slijper et al., 
2002).  These more recent investigations are much more ecological in nature, in that they 
are the examination of goal-oriented “focal” action (e.g. reaching, pointing, grasping) and 
the necessary modifications to “posture” for task performance (Berrigan et al., 2006; 
Rosenbaum et al., 2002; Stapley et al., 1999).  These efforts demonstrate the inter-
relationship between posture and focal tasks, leading many to suggest that the 
pedagogical distinction is unhelpful in the understanding of functional movement 
(Morasso et al., 2010; Pozzo et al., 2002; Riccio, 1993; Riccio et al., 1993).  Moreover, 
the dynamic interaction observed also suggests a more heterarchical approach to 
functional movement exists (e.g. as posture does not “subserve” movement, and they are 
ecologically inseparable).  Despite the new data from some of these recent efforts, and a 
broader acceptance of these dynamic postural-focal interactions; that there is no 
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separation between focal and postural movement has been an underlying assumption for 
many who have used the ecological approach to action for quite some time (Reed, 1982; 
Riccio, 1993; Riccio & Stoffregen, 1988).  The main difference in the “story” told by 
these data seems to be the context in which the tasks are performed; those with the 
greatest experimental constraints (e.g. low ecological relevance) demonstrate the greatest 
“subservience” to focal task performance.  Alternatively, those efforts with minimal 
constraints seem to demonstrate a greater interaction between different functional aspects 
of the system (synergy interaction).  These findings are not unexpected (Reed, 1982), and 
again should lead us to examine the efficacy of the reductionistic approach in 
understanding functional action.   
Whether or not posture “subserves” goal-oriented action, the specificity of 
postural-suprapostural task interactions with regards to environment and task has been 
demonstrated without exception (Belenkii et al., 1967; Kaminski, 2007; Marsden et al., 
1983; Nashner & Cordo, 1982; Riccio, 1993; Slijper et al., 2002).  Within the same actor-
task relationships, environment dictates much of how the action is performed (e.g. 
treadmill locomotion versus trail running).  Relative constancy within the environment 
(e.g. a flat, clean, high-friction landing surface) does not assure constant performance 
given the overdimensionality of an unconstrained system and intentionality (Bernstein, 
1947).  This context conditioned variability demonstrates the adaptability of the 
functional system, and necessitates a different approach to understanding goal-oriented 
action from the historically reductionistic approach (Dickenson et al., 2000; Reed, 1982; 
Turvey et al., 1982).  Across much of the literature, constraints on the system are 
identified as primary in understanding what is “available” to the system for performance 
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(Bernstein, 1947; Gibson, 1979; Latash, 1996; Turvey et al., 1978).  These constraints 
from within the actor, between actor and environment, and specific to the task represent 
the mutual constraints on the system that must be integrated in order to successfully 
perform real world actions (i.e. coalitions must be formed between actor-environment-
task system).  
While dynamic marksmanship has not been examined in this manner to date, 
understanding of the constraints on marksmanship as a nested task is available through 
examination of its requirements for performance, and the context in which it is nested.   
Existing research on postural-suprapostural interactions provides a sound basis from 
which we may approach the manner in which these constraints may arise in context.  In 
many ways, current literature on functional reaching, pointing, and aiming movements 
provide this foundation. In fact, marksmanship represents a form of pointing task that 
uses a different working point and end-effector than traditionally reported. 
2.4.2 Postural-Focal Task Interaction 
In some of the earliest work on the functional interaction of “postural and “focal” 
task dynamics, Riccio (1993) demonstrated that the variability in postural measures 
(center of pressure, center of mass, etc) are explicitly tied to the requirements of the 
“focal” task.  Moreover, Riccio (1993) suggested that this variability at faster time scales 
necessarily provides meaningful information to the system at the slower time scales of 
action, supporting the nested systems and ecological approach to movement.  Riccio et al. 
(1993) expanded on this theory, and demonstrated that interaction dynamics and the 
understanding of mutual constraints are necessary to understand goal-directed action 
given the effect of segmental movement on the affordances of perception and action.  
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Specifically, these authors investigated the relationships between postural sway on a 
moving platform while reading, tapping, or in “quiet stance”.  Their findings suggested 
that movement and postural affordances with regards to the head should be considered 
most important, given the nested perceptual systems within this segment necessary for 
performance of tasks involving vision (Riccio,et al., 1993).  However, the measures of 
performances (e.g. correct reading of text) of the tasks in this investigation were not 
taken, so they can only be considered relevant perturbations to the systems mutual 
constraints.  
2.4.2.1 Reaching and Pointing Within “Postural” Workspace 
In research more specifically applicable to marksmanship, Ma & Feldman (1995) 
demonstrated that trunk movement is seamlessly incorporated into the reaching 
movement.  In this investigation, subjects were asked to perform the reaching task to a 
target within the focal workspace with the trunk in a static position (e.g. all “focal” 
movement), and while swaying both backwards and forwards with the trunk (Ma & 
Feldman, 1995).  No difference in the working-point trajectory, velocity, or positional 
error at the target was found between the 3 conditions (no trunk sway while reaching, 
forward sway while reaching, and backward sway while reaching), suggesting that the 
focal-postural task dynamics subserves the same goal of performance at the target (Ma & 
Feldman, 1995).  Kaminski et al. (1995) had similar findings when subjects were asked to 
point and touch different targets within and beyond the “focal” workspace.  When targets 
were beyond arms reach, subjects necessarily had to increase trunk flexion in order to 
reach the targets successfully, yet these authors found no difference in the variability of 
performance at the target (Kaminski et al., 1995).  
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Both investigations, however, found that the underlying segmental coupling and 
timing were modified in order to successfully achieve the task of reaching the target 
(Kaminski et al., 1995; Ma & Feldman, 1995).  Additionally, both noted that when the 
trunk was involved in the “transport” as well as postural performance, it started earlier 
and stopped later than the upper extremity segments; supporting its inclusion in both 
functional aspects of the task (transport and reaching; Kaminski at al., 1995; Ma & 
Feldman, 1995).  These findings support the idea of functional synergies and the ability 
of the self-organizing systems to differentially assemble more “parts” for the same 
functional performance (Berkinblit et al., 1986; Kaminski et al., 1995; Kelso et al., 1984; 
Ma & Feldman, 1995).  In more recent work, Kaminski (2007) found more evidence for 
this perspective using Principle Component Analysis (PCA) on the entire kinetic chain 
during a whole body reaching task.  In this investigation, she clearly demonstrated the 
variable nature of combining synergies to perform the reaching task, and the adaptation 
of both the “upper and lower extremity synergies” specific to goal-constraints (Kaminski, 
2007).  Despite the excellent results entailed in this investigation, it should be noted that 
using PCA requires extensive qualitative and post-hoc analysis to determine what 
synergies exist (Balasubramaniam & Turvey, 2004; Daffertshofer et al, 2004; Latash, 
2008).  While the findings strongly support adaptable synergistic contributions to goal-
oriented movement, one might suggest that a more functional segregation is represented 
by PCA, rather than an anatomical one.  Kaminski’s (2007) terminology of “transport” 
and “stability” functions would seem to fit this approach better than relying on the 
segmentation of the body based on where the pelvis resides (upper and lower extremity 
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synergies); especially given the support she provides for a dual role of the lower 
extremity in both functional aspects of the action.   
While both of the above investigations involved sitting, Berrigan et al. (2006) 
expanded this approach further by investigating Fitts’ Law performance while sitting and 
standing.  By varying target size and posture (sitting v standing) these authors 
demonstrated that performance on the Fitts task was not always similar between the two 
conditions, suggesting that the task couldn’t be properly understood without broader 
context (Berrigan et al., 2006).  Interestingly, these authors found that the difference in 
movement time (MT) was only significant at the smallest target condition; and also found 
that the trunk was coordinated into the movement when standing (Berrigan et al., 2006).  
From what should be expected by the suggestions of Riccio (Riccio, 1993; Riccio et al., 
1998) they also found a relationship between focal performance constraints (target size) 
and center of pressure dynamics necessary for performance; with center of pressure 
velocity decreasing significantly with smaller target size (Berrigan et al., 2006).   
Berrigan et al. (2006) specifically suggest that the postural dynamics are not subservient 
to focal dynamics, but that the combined method of achieving the task is “subordinated 
by the task demands”.   Recent work by Galgon et al. (2010) demonstrate similar findings 
in subjects learning a new sequential reaching task while standing. 
In an attempt to understand the learning process and contribution of focal and 
postural functions to the greater goal of precision reaching, Galgon et al. (2010) 
examined the adaptations during learning.  Subjects were asked to perform a unknown 
sequential reaching task beyond the focal workspace (arm length plus 25.4 cm) to three 
different targets over three different days (300 total repetitions).  Over the learning, they 
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demonstrated adaptation within both focal task performance and the underlying postural 
dynamics related to that performance by examining focal error and changes in minimum 
Time to Boundary (TtB) (Galgon et al., 2010).  As might be expected, goal performance 
(absolute and relative error on target; e.g. accuracy) improved over the three days, and 
minimum TtB increased.  These authors suggested that the increased TtB represented 
greater perception-action control or greater efficiency of control within the postural 
dynamics necessary for the task; providing the margins of safety required for stable 
performance.  The dynamic systems interpretation might be that the greater regulation 
observed in the TtB emerged as a result of greater coupling between perception-action 
systems nested at multiple scales within the system.  Moreover, the reductions in center 
of pressure velocity (underlying oscillations) observed by Berrigan et al. (2006) might be 
of the same nature with regards to the necessary dynamics for precision performance of 
greater difficulty. 
Unfortunately, Galgon et al. (2010) did not examine the segmental adaptation in 
coordination that took place while learning.  Given that the task was new to the subjects, 
there would appear to be an initial uncertainty with regards to sequential progression that 
might affect the systems adaptation.  Martin et al. (2000) explicitly examined the effect of 
uncertainty on the performance of a whole body pointing task, demonstrating that 
uncertainty affected the manner in which the kinetic chain arranged itself.  Martin et al. 
(2000) asked subjects to reach to visual targets within and beyond their arm lengths, 
under conditions when the target was consistent and when there was a chance that the 
target would be “visually perturbed”.  Under the visual perturbation blocked condition, 
the target was switched upon movement onset of the subject in 25% of the trials, 
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requiring them to switch targets within the movement.  Interestingly, and similar to the 
findings of Ma & Feldman (1995), no modification to hand trajectory or kinematics was 
observed between these trials (providing support for movement as a time-evolving 
dynamical process), but greater trunk flexion was observed (Martin et al., 2000).  Martin 
et al. (2000) suggested that the constraints of uncertainty were adopted into the global 
performance parameterization by increasing trunk angle, such that the adaptability 
increased to perform in an uncertain environment.  This modification to postural 
affordances (Riccio, 1993) provided the basis for adaptability in a predicative way, given 
the environmental context (uncertainty or target location).  This finding not only 
underscores the notion of adaptive synergies, but provides a greater understanding of 
system constraints and their relations to the postural affordances of movement in 
uncertain environments.  While much of the uncertainty previously envisioned in 
movement science (e.g. Bernstein’s Probabilistic Model of the Future) can be overcome 
through Gibsons’ ecological approach to perception (non-impoverished environmental 
information); there still exists uncertainty in everyday tasks that the system must solve by 
being adaptable and flexible within goal-oriented movement.  Uncertainty for the 
Warfighters is a ubiquitous fact of combat; the degree to which they are flexible and 
adaptable within that context is exactly what is at issue in the postural – suprapostural 
task of marksmanship (i.e. what are their affordances for adaptation within this niche).    
In a move to better understand the increasing interaction of postural-suprapostural 
task performance and the debate between dual and single control models of movement, 
many authors have examined reaching/pointing tasks in whole body movement to targets 
on the floor of the workspace from upright stance (Aruin & Latash, 1995; Massion, 1992; 
 121 
 
Massion et al., 2004; Stapley et al., 1999; Slijper et al., 2002).  This target location 
requires substantially more segmental movement (especially in the lower extremity), and 
places greater constraints on posture with regards to its base of support as distance on the 
floor increases from the subject.  The results from these investigations clearly 
demonstrate the co-regulation of “postural” – “suprapostural” function within the 
demands of the task (Pozzo et al., 2002; Stapley et al., 1999; Stapley et al., 2000).  
Stapley et al. (1999) asked subjects to reach to different distances on the floor of the 
workspace at different speeds to examine the center of mass (CoM) as a “controlled” 
variable.   
In addition to finding that the CoM was not, in fact, stabilized during this task, the 
authors suggested that the synergies involved cooperated and adapted based on the speed 
and distance to the target in order to meet the functional goal of the system (Stapley et al., 
1999).  Despite not being the central focus of the research, several other investigations 
have similarly shown the coordination within the entire kinetic chain that must occur as 
the complexity of movement for action increases (Patron et al., 2005; Pozzo et al., 2002; 
Stapley et al., 1999; Stapley et al., 2000;).  Moreover, much of the research supposes the 
underlying nature of synergetic regulation and interaction results from the dynamics of 
the task and constraints of the goal on the entire system (Berrigan et al., 2006; Kaminski, 
1995; Ma & Feldman, 1995; Martin, et al., 2010; Massion et al., 2004).  This is most 
often demonstrated by invariance of trajectory despite underlying dynamic changes 
necessary to maintain this invariance (Kaminski, 1995; Ma & Feldman, 1995), and/or 
ability to achieve the goal within similar spatial or temporal performance despite the 
different arrangement of the underlying “parts” (Berrigan et al., 2006; Martin et al., 2010; 
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Massion et al., 2004).  This notion is limited to those in movement science and 
Bernstein’s synergies (1935, 1947); but can be more fundamentally understood as a 
lawful process that underlies much of what is observed in nature across spatio-temporal 
scales (Bak, 1996; Goodwin, 1994; Haken, 1983, 1985; Yates & Iberall, 1972).  It must 
be noted that the experiments that reveal this seemingly ubiquitous phenomenon require 
the “right” level of observation; one that necessarily spans the observable of interest at 
both larger and smaller scales.  
 
2.4.2.2 Reaching and Pointing Beyond the “Postural” Workspace  
More dynamic efforts (e.g. changing the base of support in order to accomplish a 
task) to understand the nature of postural-suprapostural task performance have been 
examined on a limited basis for reaching and pointing tasks (Robert et al., 2007; Yiou, 
2005; Yiou & Schneider, 2010).  Most often, the context for the research involved 
examination of the Anticipatory Postural Adjustments (APAs), and their modulation in 
response to dual constraints of postural and focal task performance during stance (Yiou, 
2005) and locomotion (Yiou et al., 2007).  However, when contextualized more broadly 
to the effects of visual focal task performance (Mulavara & Bloomberg 2002; Peters, 
2006; Tian et al. 2002), it has been shown that the goal of the entire system appears to 
dominate all aspects of kinematic chain regulation in order to optimize success.  
Recently, Yiou and Schneider (2007) have examined a pointing task that involved 
dynamic transition of the system towards a target located outside its “postural” 
workspace (e.g. requiring single-step locomotion).  Although these authors primary focus 
was in the nature of the APAs and mutual constraints, they present evidence that a simple 
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juxtaposition of two tasks (one focal one postural) does not adequately describe the 
system interactions (Yiou & Schneider, 2007).  More specifically, the authors found that 
the dynamics for pointing were integrated into the stepping sequence in a manner that the 
supported propulsive forces required for stepping (i.e. supported both tasks of pointing 
and stepping; Yiou & Schneider, 2007).  This finding is reminiscent of previous findings 
in movements not requiring base of support changes that demonstrate the integration of 
the forces required for additional movement into those provided by the gravitational or 
inertial forces already established during movements (Brown & Jensen, 2006; Schneider 
et al., 1989).  If these findings are fundamental to regular organization of action in the 
gravitational-inertial fields during movement, predictions can be made across action 
schemes under different contexts that may help understand some of the context 
conditioned variability observed within atomistic levels of the system (e.g. when system 
movement provides inertial energy for focal movement, electromyography responses 
radically change with the same observed task). 
Recently, Robert et al. (2007) conducted an investigation to explicitly study the 
interactions between posture and movement during a step and reach task, and the effects 
of asymmetric head loading on performance and APAs.  As might be expected from the 
previous manipulations of whole body posture and focal movement (Kaminski, 2007; Ma 
& Feldman, 1995), these authors found no significant effect on working point trajectory 
(Robert et al., 2007).  Underlying kinematic changes throughout the system could not be 
examined as the entire kinematic chain was not instrumented for this analysis.  However, 
given the load (500g), and the instructions for speed of movement (“not as fast as 
possible”, but “comfortable”) in this effort (Robert et al., 2007); the degree to which the 
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system is differentially constrained under the three different head loadings is suspect.  It 
is reasonable to suggest that the 500g load on the head was able to be adequately 
regulated by slight reorganizations throughout the entire kinetic chain; especially 
considering the lack of inertial effects given the speed of movement, and the ability of the 
kinematic chain to dampen the shock propagation through the system during locomotive 
tasks (Hamill et al., 1995; Wosk & Voloshin, 1981).  Despite these shortcomings, the 
invariance in trajectory during a dynamic step and reach task is in line with previous 
efforts on the primacy of the working point in goal-directed action (Bernstein, 1935; 
Latash, 1996; Latash, 2008).   
One would hope that this area of research is expanded further to investigate the 
constraints on this invariance in meaningful ways, as locomotion for action is a 
necessarily ubiquitous behavior for animals that move through their environment (Chiel 
and Beer, 1997; Dickenson et al., 2000; Warren et al., 1986).  Expansion of the postural-
suprapostural tasks to more ecological conditions involving transition of base of support 
would appear to be a beneficial and relevant approach to understanding goal-oriented 
action.  While segmental loading may not be an ecological variable for most activities of 
daily living (as it is for Warfighters), carrying items and the consequences for movement 
would seem a relevant vein of research.    
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CHAPTER III 
PROPOSED METHODS 
3.1 Participant Background 
Given the focus on Warfighter performance in these studies, subjects will be 
restricted to those in the infantry or infantry-like Military Occupational Specialties (e.g., 
SEALs, SWAT officers).  This necessarily restricts our sample to fit men between the 
ages of 18-55 who have military experience.  This will be necessary for two primary 
reasons; 1) efforts entailed in this dissertation require those familiar with wearing the 
type of equipment being evaluated to minimize any learning effects, and 2) reactive 
marksmanship in combat equipment is a very specialized skill.  In restricting our sample 
population in this manner, variability within subjects’ performance should be reduced, 
allowing the equipment configuration to dominate differences in observed outcomes.   
In studies Two and Three, where reactive marksmanship is required, attempts will 
be made to constrain subjects further to those who are considered excellent marksmen 
(Rangers, SEALs, SWAT).  If significant differences in these Warfighters are found, then 
the consequences of equipment configuration on performance should be greater on those 
less skilled.  Given the current operational tempo, subjects will be those who recently left 
service, those retired with long-time service, and who are in the National Guard or 
Reserve and still available for duty.  Subjects will be recruited via two primary 
mechanisms; 1) University of Massachusetts Amherst Student Veterans/Military 
Association, and 2) the investigator’s personal contacts from within the Unites States 
Special Operations Command and other related organizations.   
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Eight subjects will be used in each of the first two investigations (4 equipment 
configurations), and six subjects will be used in the third investigation (3 equipment 
configurations).  Sample size estimations for each study were conducted using the 
standard deviations of several metrics directly from the literature (e.g., center of pressure, 
rifle aimpoint position).  The alpha-level was set at 0.05, and the beta-level at 0.80 in 
accordance with traditional practice.  In all cases, the variability in the measures from the 
literature produced sample sizes much too large for experimentation (in excess of 50 
subjects).  More importantly, there were no studies that examined the metrics of interest 
in a manner consistent with this investigation.  For example, center of pressure and 
aimpoint position during marksmanship have only been characterized under static 
conditions (Era et al., 1996; Mononen et al., 2007).  Given the context conditioned 
variability expected from the human system, the sample size estimation using data from 
existing literature was of little use for this effort.  However, given the number of 
equipment configurations for our efforts and the need to balance the order for each effort; 
this constraint drove the selection of a feasible sample size for these efforts.  As we will 
be looking at individual responses (variability within subjects) in addition to group 
means, the observations from both should add significant value to our understanding of 
the problems outlined in Chapter I.  Moreover, the sample sizes used in the proposed 
studies are similar or greater to those found in the marksmanship literature using 
experienced or elite shooters (Era et al, 1996; Mononen et al., 2003). 
3.2 General Set-up and Apparatus 
All personnel involved with any portion of these efforts will complete CITI 
Training (Collaborative Institutional Training Initiative, University of Miami, FL) and 
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have their name submitted to the IRB with CITI certifications.  Three research protocols 
will be submitted to the University of Massachusetts Institutional Review Board (IRB; 
Appendix A) for approval.  Upon arrival, each of the subjects will read the Informed 
Consent Document, review primary data collection measures, review the instructions for 
each study, have their questions clarified, and sign two copies of the document.   
After the above paperwork is completed, subjects will change into suitable 
clothing for data collection (shorts, tank tops, and their own athletic shoes), and 
anthropometric and descriptive measures will be taken (height, weight, age).  Subjects 
will be asked about their military experience; years of service, rank, number of combat 
tours, etc.  Subjects will be asked if they are currently on a Physical Training profile, 
(indicative of restriction to activity due to injury), and if they wear corrective eyewear.  
Physical Training profiles will be used as exclusion criteria for all investigations.  
Subjects will don the equipment and make necessary adjustments to insure proper fit.  
Warm up periods of 10 minutes will be required for all subjects for all studies, and 
consist of static and dynamic stretching, light calisthenics, and other whole body and 
segmental exercises they wish to perform.  Investigators will ensure subjects warm up for 
a 10 minute time period, and that the following calisthenics are completed for those 
studies involving landing; body-weight squats, “jumping jacks”, and practice landings 
from a twelve inch step.  Following warm-up, subjects will be shown the data collection 
area and walked through the specific instructions for each of the efforts.   
Progression through the different configurations will be balanced across subjects 
in each of the efforts (Appendix B, Tables B.1, B.2, and B.3).  Low density, infrared 
markers will be placed on the subjects in the anatomical positions required for data 
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collection and analysis (Appendix C; Marker Sets).  A three-dimensional motion capture 
system (Qualysis, Gothenburg, Sweden) will be used to track movement through the 
calibrated collection volume for each of the efforts.  In all experiments, this calibrated 
volume includes a 120 x 60 cm force plate (Advanced Mechanical Technology, 
Incorporated (AMTI), Watertown, MA).  One of the force plate corners will serve as the 
origin of the Laboratory Global Coordinate System (CGS), and the Local Coordinate 
System (LCS) of the force plate is transformed to this global coordinate system using the 
Qualysis QTM software.  Each of the three studies are different with regards to the 
specific procedures used to assess the consequences of equipment configuration on 
performance measures and their underlying dynamics.  In all cases kinematic and kinetic 
(center of pressure) data will be the primary time series used.  Prior to subjects’ arrival, 
the data collection volume will be calibrated in accordance with the Qualysis and 
investigation procedures (all cameras standard deviation of the calibration wand distance 
less than 0.7 mm).  The forceplate will be zeroed and checked to ensure the directionality 
of forces applied are correct using single step locomotion over the plate in the anterior-
posterior and medio-lateral directions.  Force traces will be examined to ensure the 
pattern of braking-propulsive, impact peaks, and medio-lateral forces (by default) are 
qualitatively correct.   
Initial post-processing and marker assignment will be conducted through Qualysis 
Track Manager (QTM) software, and exported to Visual 3D (C-Motion, Kingston 
Ontario, Canada) compatible files for further model building and post-processing.  In all 
equipment configurations, initial calibration trials will be recorded to ensure donning and 
doffing of equipment (and potential movement of tracking markers) doesn’t interfere 
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with the ability to use the data collected.  More specific set-up procedures is found below 
in the individual study sections.   
3.3 Statistical Approach 
Statistical procedures will include descriptive and inferential methods of 
interpreting the data for all three studies.  While quantifiable statistics will be used in the 
traditional fashion, many of the underlying assumptions with regards to normal 
distributions, linearity of the data, and homologous variances may not be necessarily true.  
This is especially true given the non-linear nature of biological systems (West & Deering, 
1995).  Despite these potential departures from the underlying assumptions of the 
statistics, they appear robust enough with regards to their comparative capability 
(Vittinghoff et al., 2005), however they may not provide the type of insight helpful to the 
research questions at hand.  In light of the need to better understand the qualitative nature 
of the observed data (e.g., the time-evolving nature of coordination), confidence intervals, 
box plots, frequency histograms, and other graphical representations will provide 
complimentary quantitative and qualitative information.  Together, these methods should 
culminate in a more complete understanding of the nature of the changes with load 
configuration.  As these studies are unique in their approach to the “Warfighter Load” 
problem, and this is the initial exploration into this Model Task; this dual approach 
provides the best manner to determine how to proceed in follow-on efforts.   
Moreover, before combining data of all the subjects for comparison in each of the 
studies, data visualization will be utilized to determine if different strategies are 
consistently implemented between subjects that must be compared.  For example, Gun-
Head-Trunk timing relations of subjects may reflect two discrete strategies, one in which 
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the Head “leads” and another in which the gun “leads”.  Different strategies may simply 
emerge as a result of long term training or the distribution of equipment on the subjects.  
Either way, combining different strategies for solving this task performance would 
provide little insight into the task, and would greatly confound our ability to make 
meaningful interpretations.  Comparing and contrasting different strategies (though 
beyond the scope of the dissertation) is likely to result in meaningful information as it 
may provide insight into how successful marksmanship may be achieved. 
 
3.4 Study 1; Establishment of Upright Posture under Load 
3.4.1 Study 1 Procedures 
The first study modifies the constraints of a landing task via manipulation of the 
following equipment configurations on the subject (physically coupled load); Weapon 
condition (weapon only), Helmet condition (weapon and helmet), Vest condition 
(weapon, helmet, & armor vest), and Pack condition (weapon, helmet, armor vest, and 
assault pack).  The vest and assault pack will be loaded with mock equipment that 
matched the weights of the real items used in combat.  Subjects will step from a twenty-
four inch plyometric box on to the center of the forceplate, landing without taking a step 
in order to simulate an intentional and ecologically relevant perturbation to the human 
system in combat.   
The landing task is broken down into two phases; Phase I- “landing” and Phase II- 
“standing”.  Phase I is defined by the time between initial contact with the force plate 
(greater than 15 N vertical force) to the lowest vertical position of the CoM.  This 
represents the maximal flexion of the overall system, and the instant prior to reversing 
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direction.  Phase II is defined by the time from the end of Phase I to the time when 
subjects established upright posture and the underlying dynamics of the system reflected 
dynamic stability (See Section 3.5.2; Time to Establish).  Time to Establish (TtE) upright 
posture is the combined time for Phase I and Phase II.   
The base of the plyometric box will be located at the rear edge of the force plate 
such that the distance to the center of the force plate is 16.5 inches forward from the edge 
of the 24 inch platform (Figure 3.1).  Subjects will be given the command “GO”, and can 
land on the forceplate any time afterwards while maintaining their gun in the low-ready 
position (Appendix E, Figure E.1).  Data collection will be initiated just prior to the “GO” 
command, and lasts for 30 s.  After the 30 s data trial is complete, subjects will be 
instructed to step off the force plate and prepare for their next trial.  No less than one 
minute of rest will be provided between data collection and the next successive landing.  
Each subject will land five times in each equipment configuration, for a total of twenty 
landings.  This number was selected in an attempt to minimize fatigue across the 
conditions, while optimizing the amount of data collected per subject.  Between each 
successive landing task, infrared markers will be assessed and checked to ensure their 
location (i.e., that landing doesn’t displace or loosen the marker attachment).  
Kinematic data will be collected at 240 Hz using eight Oqus cameras and the 
QTM system.  A full body marker set will be used so that the motions of all the 
extremities, head, and trunk can be evaluated.  Markers are also placed on all the 
equipment (helmet, weapon, vest, and assault pack); exact locations can be found in 
Appendix C. 
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Figure 3.1: Progression for establishment of upright posture following landing 
 
Kinetic data will be collected at 960 Hz using the AMTI force plate.  The high sampling 
rate selected for the kinetic measurement ensures that high frequency transients in the 
landing dynamics from impact are adequately captured during collection.  Between each 
landing, the forceplate will be zeroed to ensure that no drift or resonance from the 
previous landing trial is incorporated into the next signal collected.  Kinetic and 
Kinematic time series will be synchronized within the QTM data collection software 
from the same trigger that begins data collection. 
Subjects will be instructed specifically to “land and stand” in a comfortable 
manner, and that the task is not to do so as quickly as possible.  Subjects will be 
instructed to not take a step upon landing, but no other restrictions are imposed on the 
task.  Subjects will be instructed not to “jump off” the platform (i.e. increase vertical 
position prior to landing), but to simply land on the platform by stepping off it.  Subjects 
will not be instructed on their gaze/head orientation during the landing, but will be told to 
simply “look forward” during upright stance until instructed to step off the forceplate.  
Subjects will be shown the landing task by the investigator to ensure instruction was as 
complete as possible.  The intent of this effort is to gain information on the intrinsic 
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dynamics of landing under different loads, such that the fundamental dynamics of this 
minimally encumbered task may be ascertained.  This approach is necessary to provide 
the basis for understanding the consequences of nesting the marksmanship task dynamics 
within the dynamics of establishing upright posture (Kelso, 1995). 
3.4.2 Dependent Variables for Study 1 
The research questions and hypotheses for all three studies, and their rationale 
may be found in Chapter I.  Additionally, Table F.1 provides an abbreviated and succinct 
listing of the research questions, hypotheses, and test metrics.  The specific hypotheses 
and the metrics used to test them are provided for each study in the sections below, 
following the procedures for each.   
3.4.2.1 Hypothesis 1a Test Metric: Time to Establish (TtE) Upright Posture 
Hypothesis 1a; The need to attenuate shock propagation through the kinetic chain 
during landing will result in increased Time to Establish (TtE) upright posture as the total 
weight of the system increases.  Additionally, the functional constraints on the available 
degrees of freedom and modification to the dynamics of posture via load and its 
distribution will interact to further increase TtE upright posture. 
Discrete determination of when stable upright posture is achieved is not so 
straightforward.  After reviewing potential kinematic postural states (i.e., position of the 
CoM) and kinetic measures (vertical force vector (Fz) equal to subjects weight plus 
equipment), it was determined that neither provided a satisfactory measure for 
determination of stable upright posture.  The dynamic systems approach (i.e., 
examination of multiscsale dynamics of the CoP), provides a more desirable approach for 
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these efforts than final kinematic position.  As the underlying fluctuations and 
oscillations of the entire system (at many time scales) are reflected in the CoP time series 
(Duarte & Zatsiorsky, 2000; Riley & Turvey, 2002), one may use the variability in the 
CoP resultant time series to evaluate the degree to which the system continues to be 
perturbed following the landing and standing action.  As the underlying fluctuations 
within the system (despite kinematic establishment of a posture at low frequency time 
scales) may have consequences for perceiving and acting, it is important to determine 
when the system at many scales reaches relative quiescence.   
Establishment of upright posture will be considered to be achieved when the 
standard deviation in the CoP resultant falls below 5 mm in all of the following temporal 
window sizes; 500 ms, 250 ms, 100 ms, and 50 ms.  The 5 mm value was determined 
through pilot data analysis in an initial attempt to determine when relative quiescence is 
observed in the time series.  Four time series, from each CoP resultant time series were 
created using a moving window calculation of standard deviation from initial contact 
until approximately six seconds after initial contact.  For each time series, the first data 
point represents the standard deviation of the CoP resultant over the window size (i.e., the 
standard deviation from 1-500 ms, 1-250 ms, 1-100 ms, and 1-50 ms).  The next data 
point represented the standard deviation when the window was moved by one data point 
i.e., from 2-501 ms, 2-251 ms, 2-101 ms, and 2-51 ms), and so on.   This windowing 
technique was tested in Microsoft Excel (Microsoft, Portland, Oregon), and will be 
implemented in a custom MATLab program (Mathworks, Natick, MA).  An example of 
the output and determination of TtE can be seen in Figure 3.2. 
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Figure 3.2: Time to Establish (TtE) using CoP resultant windowing 
3.4.2.2 Hypothesis 1b Test Metric: Shift in Frequency Content of CoP 
Hypothesis 1b; As the challenge to establish upright posture increases with 
equipment configuration, CoP dynamics are expected to reflect the increasing challenge 
in attaining upright posture via increased regulation within the system.   
As the CoP provides us with access to information about underlying oscillations 
within the system at multiple time scales, the frequency content of this signal may 
provide a means to assess changes in the regulation of completing this task under 
different loading configurations.  Calculating the Power Spectral Density (PSD) via Fast 
Fourier Transformation (FFT) in the frequency spectrum provides a means to evaluate 
changes in these underlying dynamics.  The PSD will be calculated with the CoP 
resultant time series, and reported in 2 Hz bins.  As different spectra reflect different 
dynamics of the system, the same time series will be split between 0-8 Hz and more than 
8 Hz using high and low-pass filtering techniques (e.g. 0-8 Hz captures kinematic 
oscillations and 8+ Hz captures oscillations at faster time scales that potentially reflect 
underlying regulatory processes).  The resulting histograms will quantify the frequency 
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content of the signal for different levels of the system, and provide information on any 
shifts in the frequency spectrum with different load configurations.  These frequency 
histograms will be computed separately for Phase I and II of the landing task. 
As the frequency content of this signal may be tied to underlying physiological 
and neuromechanical processes at different time scales, we may gain insight into the 
differential regulation of the underlying dynamics when load is manipulated.  Moreover, 
modifications in the frequency content may have consequence for action and perception 
(i.e. high frequency content and dynamic visual acuity).  These qualitative shifts in 
frequency content will be quantified by the mean, and modal frequencies across 
conditions.   A graphical representation of simulated data is provided in Figure 3.3 for 
these measures. 
 
Figure 3.3: Simulated CoP frequency histogram comparing 2 equipment 
configurations for entire Landing Task 
 137 
 
3.4.2.3 Hypothesis 1c Test Metric: Head Angle and Head-Trunk Coupling Angle 
Hypothesis 1c; Given the importance of maintaining head orientation specific to 
the task during movement, it is expected that gaze progression (head in space) will be 
maintained across equipment configurations during landing via regulation of trunk-head 
coordination.   
Head angle in laboratory coordinates (GCS) and head-trunk angle-angle diagrams 
will be used to asses the absolute changes in gaze orientation that occur under different 
configurations and the underlying coordination of the head and trunk in maintaining 
them.  Vector coding of the relative motion diagrams (angle-angle diagrams) for the 
head-trunk relations will provide a means to determine the degree of spatial coordination 
between these segments under different loads.  Vector coding provides a measure of 
coordination through evaluation of the coupling angle of two segments using sequential 
data points over the movement cycle.  Coupling angles are calculated as the angle 
between the resultant vector to the next sequential point in the relative motion diagram 
from the right horizontal of the current data point (Heiderscheit et al., 2002).  The 
differences between the mean vector within Phase I and II between equipment 
configurations can be used to assess the degree to which coordination changes between 
these conditions.   Because the vector coding uses polar angles, circular statistics must be 
used to appropriately determine the coupling angle (Batschelet 1981).  For more detailed 
procedures, see Chang et al. (2008).  Figure 3.4 provides an example of the vector coding 
methodology and calculation of coupling angle.   
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Figure 3.4: Vector Coding as a coordinative measure between 2 segments  
3.4.2.4 Hypothesis 1d Test Metric:  Variability in Head Orientation as Motor 
Abundance 
Hypothesis 1d; Due to the additional constraints on the system as a function of 
load and its distribution, we expect the variability of gaze orientation to decrease given 
the loss of flexibility within existing degrees of freedom (reduced motor abundance). 
Despite our hypothesis that head orientation will remain consistent between 
conditions, we believe that this consistency will be achieved via greater regulation of the 
head in space under greater loads.  This increased regulation should be observable and 
quantifiable via the examination of the Root Mean Squared (RMS) deviation of head 
angle in space across landing conditions (i.e., less variability in the heavier conditions).   
This reduced variability can be viewed as reduced motor abundance and functional 
realizability of the system when compared to the unencumbered configuration (Newell, 
1993; Scholz & Schöner, 1999; Van Emmerik & Van Wegen, 2000).  
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To quantify this reduced motor abundance, the RMS of the gaze angle will be 
calculated within subjects and conditions.  The gaze angle for all five landings will be 
used to compute the mean within subject and condition gaze angle and each individual 
landing will be used to calculate a time series of RMS.  Moreover, the RMS time series 
may provide different information about the changes in head angle variability across the 
landing (Figure 3.5).  For example, gaze angle regulation may not be consistent across 
the entire task, but only during certain critical stages, perhaps prior to and during the 
reversal in global movement during the transition from landing to standing.  Average 
RMS within movement phases will also be calculated for an overall quantification of 
variability within phase and between study conditions.    
 
Figure 3.5: A) Simulated gaze angle regulation via examination of RMS time series, 
B) Mean RMS between configurations by landing phase 
3.4.3 Study 1 Statistical Analysis 
In Study One each of the dependent measures will be tested using a Repeated 
Measures Analysis of Variance (RM-ANOVA) with equipment Configuration as the 
within subject factor.  Normal distributions within the data, homologous variance, and 
other necessary assumptions for using these linear methods will be determined prior to 
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analysis.  The dependent measures include TtE, CoP mean frequency, mean coupling 
angle, average RMS head orientation across movement, and minimum head orientation at 
the active loading phase of landing (See Appendix E.8).  Included in the RM-ANOVA 
model will be comparisons between Phase I (landing) and Phase II (standing) for those 
test metrics that are of interest in this area; Phase I and II time, mean frequency, and 
RMS gaze orientation.  More qualitative examination of gaze orientation, head-trunk 
coordination (vector coding), frequency distribution, and RMS gaze orientation will 
provide the necessary understanding and ecological relevance for these data.  Graphical 
representation of the changes in these variables over movement progression, and 
comparison between configurations will provide the basis for interpretability of their 
potential consequences for perception and action.    
3.5 Study 2; Marksmanship Dynamics with Load and Target Changes 
3.5.1 Study 2 Procedures 
In the second study, the dynamics of marksmanship under a static base of support 
will be examined via modification to the segmental loading and target positions.  
Equipment configurations will include the Unloaded (Weapon only) and Standard 
conditions from the landing study (although slightly modified to accommodate the 
updated information on current combat loads; Appendix D).  Two other configurations 
will be added to asses the effects of loading key segments during this dynamic precision 
task. The Night Vision Goggle (NVG) condition will add this device to the headborne 
load (1.5 pounds), and the Upper Extremity armor condition (UE) will add individual 
armor to the forearms and upper arms (4.88 pounds total).   More on the rationale for 
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these segmental loading decisions may be found in Chapter I.  As in Study 1, the vest and 
assault pack were loaded with mock equipment that matched the weights of the real items 
used in combat.   
Prior to being outfitted with the appropriate marker set (Appendix C), subjects 
will take up a supported position on a small table (48 inches high) with the gun in order 
to determine their aimpoint on the target.  This supported position was necessary to 
minimize movement and ensure as “stable” a platform as possible.  A steel drill rod of 
equal circumference (~0.235 inches) will be placed in the barrel of the gun with two 
markers attached to the exposed end, approximately 3 and 6 inches from the end of the 
barrel.  These calibration markers will be used to create the “shot vector” that is projected 
onto the target plane (for pictures, see Appendix E, Figure E.2).  Subjects will be 
instructed to ensure they had the point of aim directly in the center of the green dot in the 
center of the target and squeeze the trigger when they feel they had the best shot 
(Appendix E, Figure E.6: Center of Target “Hit”).  Subjects will repeat this five times for 
each target (Front, High).   
The Front Target will be marked with 4 infrared markers so that it can be captured 
in the calibration volume during movement trials.  The locations of the centroid of these 
markers and the relative position of the center of the target will be determined through 
the use of a Faro Laser Line Probe with 6 degrees of freedom to a tolerance of 0.0005 
inches (Faro Industries, USA).  The planar location of the centroid of each sphere and 
center of the target will be used to create a local coordinate system of known dimensions 
that could be transformed within the larger calibration volume of target during post-
processing using Visual 3D.  The “shot vectors” created by these pre-trials will produce a 
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point on this local coordinate system such that the accuracy of each shot can be 
determined for individual subjects (e.g. each subject will “zero” the weapon for each 
target as would be expected when using a new gun).  The average of these five supported 
trials on each target (forward and high) will be used to determine the center of the target 
location within the calibrated volume for each subject.  The center of the front and high 
targets will be located 394 cm and 400 cm, respectively from the origin of the Global 
Coordinate System.  The size of the center point of the target and the distances from the 
subjects simulated a target between 25 and 40 meters away.  These simulated distance 
configurations (i.e., smaller targets) are familiar to infantrymen, as they are used 
throughout the services to train in areas that preclude large ranges (e.g., on ships, urban 
environments).   
The High Target created a more difficult situation as it was not captured in the 
calibrated collection volume during movement trials.  For this target, its position relative 
to the front target will be captured using a different camera set-up so that its location 
within the volume could be created using Visual 3D during post processing.  The targets 
will not be moved throughout data collection of Study Two or Study Three.   
For movement trials, subjects will be asked to stand on the forceplate in their 
preferred marksmanship stance with gun in the low-ready position (Appendix E, Figure 
E.1), facing the wall in front of them.  When verbally cued to “GO”, subjects will be 
instructed to; react to the target from the low-ready position, fire at the pre-designated 
target, maintain the center target sight alignment until the command “TANGO” was 
given (when they will fire again at the same target), and maintain that position until 
instructed to step off the forceplate (Figure 3.6).   Data collection will begin 
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approximately 1-2 seconds prior to the “GO” command, and the command “TANGO” 
will be given no less than 10 seconds after subject fire their first shot (See Appendix E, 
Figure E.3 for graphical representation of timeline).   
After the trial is completed, subjects will be instructed to step off the force plate 
and prepare for their next trial.  No less than one minute of rest will be provided between 
data collection and the next successive completion of the task.  Each Subject will shoot 
ten times in each equipment configuration at each target, for a total of 80 trials (10 shots 
x 4 configurations x 2 targets).  This number was selected in an attempt to minimize 
fatigue, while optimizing the amount of data collected per subject.  Subjects will be 
allowed to take any amount of time longer than 1 minute between trials, and will be told 
to take as long as they wish in order to minimize the effect of fatigue on the results.  
Between each successive task performances, infrared markers will be assessed and 
checked to ensure their stability/location. 
      
Figure 3.6: Dynamic marksmanship task for two targets with a consistent base of 
support (BOS) 
 
 
This study will use of a replica M-4 assault rifle (UTG® Sport, Livonia, MI, 
USA) which is accurate in both dimension and weight.  The rifle has an electronic firing 
mechanism that allows the system to be connected to a custom-built active infrared array 
 144 
 
(8 infrared LEDs, Appendix E, Figure E.2).  When the subjects pull the trigger, not only 
will a “shot sound” occur, but the custom made active IR Trigger will “fire” and be 
captured in the Qualysis collection volume as a transient marker.  A mechanical backup 
was designed such that a small wand (5 cm) could be screwed into the trigger and a 12 
mm passive IR marker placed on the end.  Another marker of equal size will be placed on 
the magazine well directly in front of the trigger marker, so that the distance between the 
two markers can be used to determine when the trigger is pulled (see Appendix E, Figure 
E.4 for a graphical representation of the distance vector used to determine trigger pull).  
The design is such that it will not interfere with the subject’s firing, and can be used by 
both right and left handed shooters.  Kinematic and kinetic data will be collected at 240 
Hz using the same equipment as in Study One.  The marker set for Study Two is 
configured to track the movement of the head, trunk, helmet, gun, and the position of the 
feet on the force plate (see Appendix C). 
Subjects will be instructed to stand on the force plate in a comfortable, upright 
marksmanship stance while keeping the gun in the low-ready position.  Subjects will be 
instructed to shoot the target as quickly as possible without sacrificing accuracy.  
Subjects will be specifically told that this effort was not a “ready-up” drill, where 
Warfighters quickly shoot close targets twice.  Moreover, subjects will be specifically 
told that this was not an attempt at suppressive fire, which seeks to push the enemy into a 
defensive position or seek cover and concealment.  The scenario will be further 
contextualized by telling subjects that the context was “under fire” and the target was 
approximately 40 meters away (in accordance with the size of the “hit” on the target), and 
that only a hit will keep them from being shot.  These instructions will be provided in 
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order to have the subjects determine the speed-accuracy trade-off on their own within an 
operational /ecological context.   
3.5.2 Dependent Variables for Study 2  
3.5.2.1 Hypothesis 2a Test Metric: Accuracy and Time to Trigger Pull (TtTP) 
Hypothesis 2a; Loading the system will have consequences for overall task 
performance specific to the combination of configuration and target position.  As this task 
is similar to others involving a speed-accuracy trade-off, we expect; 1) time to perform 
the task will increase to maintain accuracy, 2) accuracy of performance will decrease to 
maintain time, or 3) some combination of reduced accuracy and increased time will be 
observed with additional loads. 
The speed-accuracy trade-off in this study will be examined via comparison 
between loading configurations and target position on the Time to Trigger Pull (TtTP) 
from movement onset.  Movement onset will be determined by using the CoP resultant 
velocity time series (Figure 3.7).  As subjects start on the forceplate in quiet stance, rapid 
postural adjustments on the “GO” signal will be reflected in the CoP dynamics.  Use of 
the CoP resultant velocity time series allows for a consistent selection criteria even if 
different subjects initiate action with different segments of the system. The value for 
movement of the CoP resultant velocity trajectory will be determined after collection and 
review of the resultant time series data for each trial.  The mean and standard of the first 
240 samples (before “GO” command) of this trajectory will be used to calculate the 
appropriate value that may consistently be used for determination of movement onset 
time.    
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Figure 3.7: Determination of movement onset by CoP resultant rate of change. 
 
Changes in accuracy between the different segmental loading conditions and 
target locations will be determined though the use of the Shot Vector established during 
the supported firing position on the center of the target.  The average of the five shots on 
each target will be taken to be the center of the target, and this location will be projected 
onto the target plane using the Aiming Wand in the barrel of the gun (Appendix E) in 
Visual 3D during post processing.  Once the center of target location is determined, the 
distance between the center of the target and each shot on target can be determined for a 
measure of spatial accuracy (mm).  Standard deviation will be calculated for both the 
supported Shot Vectors from the pre-trial tests and movement trial shots on target to 
determine the variability in both measures.  Moreover, as the location of the targets and 
the center location will be known from their relative position in the volume, we may 
determine the overall sensitivity of the means by which accuracy was determined. 
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3.5.2.2 Hypothesis 2b Test Metric: Shift in Frequency Content of CoP 
Hypothesis 2b; CoP dynamics will reflect the increasing challenge of maintaining 
necessary posture with changes in segmental loads and target positions.  As both load and 
target position have consequences for postural regulation, any shifts in CoP frequency 
will help us examine the challenge to the overall dynamics of this postural-focal task 
performance.  Specifically, we expect a shift to higher frequencies in the CoP Dynamics 
with increasing loads, and at the high target condition. 
As for Study 1, the use of the frequency content in the CoP resultant will be used 
to assess the modification in system regulation (Section 3.5.2, Figure 3.3), and the same 
methods will be used.  Changes in the frequency content will be assessed under the 
different segmental loading and target conditions. 
3.5.2.3 Hypothesis 2c Test Metric: Cross Mutual Information (CMI) 
Hypothesis 2c; With increases in load and the challenge to regulate movement 
during the task, we expect postural CoP dynamics to be reflected to a greater degree in 
the focal task performance.  Focal dynamics will increasingly reflect the postural 
dynamics of the system as overall task difficulty increases due to a decrease in the mutual 
compensatory adjustments (i.e. focal-postural interactive dynamics will become less 
coordinated).  
Cross Mutual Information (CMI) in the center of pressure and gun barrel 
trajectory time series will provide the measure of de-coupling between postural and 
“focal” dynamics under different configuration and target constraints.  Movement of the 
gun is captured within the dynamics of the CoP, as all segmental movements are 
(Balasubramaniam et al., 2000; Baratto et al., 2002; Duarte & Zatsiorsky, 2000; 
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Hausdorff, 2007).  Moreover, the underlying dynamics of regulating the gun towards the 
target in an interactive manner with the rest of segmental movement for the task is also 
reflected in the CoP dynamics.  This understanding and assumption comes from Taken’s 
Theorem (Taken & Ruelle, 1978) for selection of appropriate variables that reflect the 
overall state of the system.  Average Mutual Information (AMI) is derived from 
Shannon’s Information Theory (Shannon, 1948), and has been used to reconstruct the 
higher dimensional state space that contains the dynamics of the system from a single 
time series (Abarbanel, 1996).  Cross Mutual Information (CMI) uses two time series, 
and can provide information on the degree to which the two physiological signals relate 
to each other during the same task (Abarbanel, 1996; Balasubramaniam, et al., 2000; 
Boes & Meyer, 1999; Jeong et al., 2001; Na et al., 2002). 
Cross Mutual Information between the center of pressure resultant and gun barrel 
trajectory can provide the amount of information of one reflected in the other.  The 
greater the information that can be derived from one signal to another, the more the 
dynamics of one is reflected directly in the other (i.e., the less inter-active they are, and 
the more one reflects the behavior of the other).  This can be best envisioned by thinking 
about a stiff mannequin holding a weapon.  When the mannequin moves a certain way, 
the gun is moved in exactly the way specified by the “postural movement” regardless of 
the target position.  Essentially, this reflects a more rigid system and the consequences of 
that rigidity results in greater CMI between the two signals.  The human system is not so 
rigid, but as load is added and the target position changes to the high target, overall 
stiffness of the Warfighter system will increase in order to perform the required task.  
This can also be viewed as reduced motor abundance and less functional realizability.  As 
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such, CMI will be used to assess the decoupling of postural and focal dynamics in this 
task, where greater CMI reflects less interaction between the dynamics of the nested 
Warfighter system. 
Mutual Information is neither a linear nor non-linear technique for signal 
comparison.  It is based in the relationship of the joint probability distribution function to 
the individual probability distribution functions of the two signals (Abarbanel, 1996; 
Boes & Meyer, 1999).  Essentially, every data point of one time series is compared with 
the data points from the other times series in order to determine the degree to which it 
provides information about the second signal (Figure 3.8).  This information is averaged 
for each data point, and the next data point is selected for the same purposes until the end 
of the time series is reached.  The CMI in the signal ranges from 0.0 to 1.0, where 1.0 
indicates that no new bits of information is provided from one signal to the other (i.e., 
that one signal is directly specified by the other).  Cross Mutual Information (CMI) will 
be calculated over the time interval from the initial to the second shot on the same target 
to determine the degree of decoupling between load configurations at the two different 
target positions within the marksmanship posture necessary for that target.   
3.5.2.4 Hypothesis 2d Test Metric: Relative Timing of Head-Gun-Trunk 
Coordination and Head-Helmet Relative Motion 
Hypothesis 2d; There are no studies on the dynamics of head-gun-trunk 
coordination or relative motion between the helmet and head during dynamic 
marksmanship performance.  Data from the timing relations during the marksmanship 
task will be exploratory, and will provide insight into the coordinative patterns.   
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Figure 3.8: Cross-Mutual Information (CMI) determination between 2 time series 
 
Gun, Head, and Trunk movement from initial (low-ready to final position (target)  
involves segmental movements that cross the Cartesian planes generally used in 
decomposing human movement (e.g., sagittal, horizontal, and frontal planes).  As such, 
decomposing the segmental rotations into coordinate planes and trying to infer their 
relationships between conditions will provide less than ideal information with regards to 
the true goal of understanding the coordinative relations.  Instead, the 3D movement 
trajectories of the head, trunk, and gun will be used to determine the relative timing of 
segmental movement and their spatio-temporal cessation at the final postural position.   
The timing of movement cessation for these trajectories will be used to ascertain the 
effect of load and target position on movement coordination and relative motion between 
head and helmet.   
From the onset of movement to first trigger pull, the head, trunk, gun, and helmet 
will be tracked in the calibration volume.  The gun barrel and center point of the helmet 
trajectories (virtual marker in the middle of helmet) will be used to evaluate relative 
timing for these pieces of equipment.  The head position will be tracked by creating a 
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virtual marker in the Visual 3D model at a position halfway on the line created between 
the left and right head markers.  The trunk position and its trajectory will developed in a 
similar way at a position where the C7 marker is projected onto a line created between 
the two Acromion markers (see Figure E.7, Segment Trajectory Markers).  These 
markers and the relative timing of their movement in 3D to initial trigger pull will be 
used to determine changes in coordination of gun-head-trunk and relative motion 
between the head and helmet.  Additionally, the variability in these positions may provide 
insight into the relative challenges of maintaining firing positions on target between the 
first and second shot on target.  Figure 3.9 provides a representation of the potential 
movement sequence and a visualization of simulated time series data for a single trial. 
Time to Trigger Pull (TtTP: t4) is the time it takes for each segment of interest to 
reach its final position and the time it takes for the system to reach some degree of 
underlying quiescence necessary for firing.  The temporal order and relative temporal 
location can be determined, and may provide insight into load effects on the coordination 
of these three segments during marksmanship.  As seen in Figure 3.9, final position of the 
head is established in 3D space at t1, gun at t2, and trunk at t3 (followed by Trigger Pull at 
t4).  Relative timing of final movement cessation of the head-helmet relative motion (tRM) 
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Figure 3.9: Head-Gun-Trunk coordination assessment during reactive 
marksmanship 
 
 
can measured and potential “overshoots” caused by inertial contribution from the helmet 
on the head can be quantified.  Time of movement cessation will be determined by using 
velocity profiles of the trajectories.  The specific velocity value below which each 
trajectory must fall used to determine movement cessation will be determined after 
review of the experimental data (e.g. 2.5 m/s, 0 m/s, etc.), but will be consistent across 
subjects and configurations.  Changes in the temporal order and relative timing of these 
metrics as a percentage of total Time to Trigger Pull (TtTP) will be used to determine the 
degree to which the configuration loading and target position modify regulation of 
segmental dynamics during reactive marksmanship.  
The total time between the kinematic postural set being established and Time to 
Trigger Pull (e.g. t3-t4) may be an important measure as it provides the necessary time for 
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the system dynamics to reach a underlying state (despite kinematic “stability”) where the 
task can be accurately performed following perturbation of the system by intentional 
movement.  Changes in the time between t3 and t4 may provide insights into how the 
underlying dynamics and stability change with segmental loading and target position.   If 
consistent changes in the time between t3 and t4 are found between target position or 
configuration, an examination of center of pressure variability dynamics from t3-t4 will be 
completed.  This may provide insight into similarities in the underlying dynamics of the 
system across conditions that relate to global interactions underlying this complex task.  
Moreover, this may provide significant insight into the switch-time dynamics in Study 3 
and the system’s stabilizability under different constraints. 
3.5.3 Study 2 Statistical Analysis 
In Study 2, TtTP, accuracy, mean frequency (0-8 Hz and 8+ Hz, as in Study 1), 
CMI, and the various dependent variables for coordination and relative motion (t1 – t4, 
tRM and positional variability from shot 1 – shot 2) will be evaluated using RM-ANOVA 
with equipment Configuration as the within subject factor.  The RM-ANOVA model will 
also provide a model to compare the accuracy of Shot 1 to Shot 2 within configuration 
conditions, and overall between Forward and High targets.  As in Study 1, substantial 
qualitative information may be gained by the evaluation of the time evolving dynamics in 
the coordinative and relative motion dependent variables.  Frequency histograms of the 
CoP dynamics and CMI time series may provide additional information about the 
potential changes in the underlying dynamics between load configurations.   
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3.6 Study 3; Precision Performance during Dynamic Establishment of Posture 
3.6.1 Study 3 Procedures 
In the third study, marksmanship during dynamic establishment of upright posture 
will be examined under different physically coupled loads and visual target positions.  
Subjects will step from the twenty-four inch platform onto the forceplate and shoot the 
two targets (high and forward) in a specified sequence.  Subjects will have to determine 
which target to shoot first by visually examining an environmental cue in the Task Space 
(Figure 3.10).  This additional requirement will allow investigation of the effects of 
landing for marksmanship under load and its potential effects on dynamic visual acuity 
(see Chapter 2, Section 2.5).  Moreover, it replicates operational conditions where 
Warfighters are constantly moving through the environment seeking to identify threats 
and determine the appropriate responses.   
 
Figure 3.10: Action Progression Sequence for Marksmanship while Establishing 
Upright Posture 
 
Equipment configurations will include the Unloaded and Standard conditions 
from Study 2.  The other configuration will be a Light configuration, which will be 
significantly less heavy for each segment load (head, torso, end-effector/gun) to asses the 
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effects on performance by “unloading” key segments during this dynamic precision task.   
More on the rationale for these segmental loading decisions may be found in Chapter I.  
As in Study One and Two, the vest and assault pack were loaded with mock equipment, 
but in the Light configuration, the weights of the items were less than those found in real 
combat and the assault pack has less excess equipment within it (see Appendix D).  
Subjects will “pre-fire” on the two targets while in supported firing positions, 
exactly like in Study two, to establish the shot vector and the center of the target plane in 
the collection volume.  Kinematics and kinetics will be collected in accordance with the 
procedures from Study One to ensure collection of high frequency transients in landing.  
The same gun and dual triggering mechanisms (Infra-red and mechanical) will be used as 
in Study Two.  The marker set in Study Three will also be the same as that used for Study 
Two.  Subjects will warm up prior to marker placement, and will take no less than 1 
minute rest between trials, and no less than 10 minutes between configurations.  Subjects 
will be questioned between trials to see if they need a rest in order to minimize the effects 
of fatigue on the observed outcomes.  Subjects will land and shoot 20 times per 
configuration, with the target sequence randomized within configuration conditions.  In 
order to minimize the effects of fatigue, subjects will come into the lab over the course of 
two days, separated by no less than 24 hours.  The balanced order for subjects (Table 
B.3) will occur over 2 days, and two of the 12 orders will be randomly assigned to each 
subject.  The target sequence (forward to high, or high to forward) will be randomized 
within days such that each sequence occurs five times per day, per condition.  This will 
require a total of 30 trials per day. 
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Movement trials will begin with subjects standing on the twenty-four inch 
platform.  On the command “GO”, subjects will step off the platform and land on the 
forceplate.  When the subjects make initial contact with the forceplate, the environmental 
visual cue will be turned on, such that the subjects must discriminate which target to 
engage first.  A “Landolt C” symbol (Figure 3.11) will be used for this dynamic visual 
acuity task as in other studies examining dynamic visual acuity (Banks et al.,  2004). The 
direction of the open “C” will indicate the direction of the target that the subject must 
engage first.  The Landolt C will be projected onto the wall in front of the subject to the 
left and below the forward target by a Sony projector (Sony, Japan).  The location of the 
Landolt C will be half the distance between the centers of the two targets to ensure 
angular head movements to each of the two targets is consistent in magnitude.  Font size 
for the Landolt C will be based on the subjects’ ability to discriminate the Landolt C 
during static standing trials in stepwise fashion.   
Once subjects foveate on this visual cue and identify the correct firing sequence, 
they can begin to move the end-effector towards the initial target.  After establishing the 
necessary posture for the first target, subjects will fire and transition to the second target.  
Subjects will be instructed not to move the gun until they are 100% confident they have 
identified the correct target sequence.  This is in accordance with the current Rules of 
Engagement (ROE) in overseas theaters, as Warfighters in non-permissive environments 
are not allowed to indiscriminately aim their weapon at a person until they are clear about 
the threat posed.  This instruction will be evaluated for compliance by examining 
movement trajectories of the gun barrel for reversals in direction.  Movement onset of the 
gun barrel will be determined as in Study Two.  The time from initial contact with the 
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force plate to the movement of the gun barrel will serve as the Time to Identify (TtID) the 
target from a perceptual standpoint of target discrimination.  
 
 
Figure 3.11: “Landolt C” for Target Sequence Direction 
 
Instructions with regards to not jumping off the platform will remain consistent 
with the previous landing study, as will the need to definitively hit the green center of the 
target.  The context of this action was similar as that in Study Two, except the firing 
sequence was directly tied to the highest threat target.  Again, it will be stressed that this 
is not a “ready up” drill or a suppressive fire exercise and the need for accuracy is a 
matter of life and death.  The additional instructions with regards to the firing sequence 
are noted above, and subjects will be reminded of these instructions prior to each trial.    
3.6.2 Dependent Variables for Study 3 
3.6.2.1 Hypothesis 3a Test Metric: Accuracy and Time to Trigger Pull (TtTP) 
Hypothesis 3a; The Standard configuration will have greater consequences for 
performance compared to the Light and Unloaded configurations.  As this task is similar 
to others involving a speed-accuracy trade-off, we expect; 1) time to perform the task will 
increase to maintain accuracy, 2) accuracy of performance will decrease to maintain time, 
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or 3) some combination of reduced accuracy and increased time will be observed with 
additional loads.  
Metrics for this hypothesis will be the same as those in Study Two (accuracy and 
TtTP), except that the movement onset will be replaced with initial contact on the force 
plate during landing.  
3.6.2.2 Hypothesis 3b Test Metric: Switch Time 
Hypothesis 3b; System flexibility (functional realizability and ability to 
transition) will be reduced as load is added.  This reduced adaptability will be reflected in 
longer times between firing at the two sequential targets.   
Switch time dynamics will reflect the increased requirement to regulate greater 
inertial contributions as well as establishing the “dynamic stability” of the system in 
different load-target task conditions (Kelso, Scholz, & Schöner, 1988; Kelso, 1995).  
Thus, more difficulty in switching between states is expected to be reflected in greater 
transition times with greater loads.  Additionally, longer switch times from the front to 
high target transition than from high to front target are expected given the assumption 
that the high target posture is less “dynamically stable”. 
This hypothesis will be evaluated by examining the time it takes to switch from 
the first to second target (i.e. TtTP1 – TtTP2).  This will provide the overall time to dis-
establish the initial postural state, transition to the second postural state, and reach a 
postural set (including underlying dynamics at shorter time scales) for the shot on the 
second target.  As each subject will transition an equal number of times (10) from the  
forward to high target and high to forward target, an examination of the differences in 
switch time will also be conducted with regards to target sequence.  Switch time 
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dynamics will be evaluated between configurations, and mean time to switch, standard 
deviation of switch time, and skewness of switch time will be use for quantifiable metrics 
for comparison. 
3.6.2.3 Hypothesis 3c Test Metric: Relative Timing of Head-Gun-Trunk 
Coordination and Head-Helmet Relative Motion 
Hypothesis 3c; There exists no current data on head-gun-trunk coordination or 
relative motion between the helmet and head/gaze during dynamic marksmanship 
performance.  However results from Study Two should provide insight into segmental 
phasing and coordination during marksmanship.  The metrics used for this hypothesis 
will be the same as those in Study Two.   
3.6.2.4 Hypothesis 3d Test Metric: Time to Identify (TtID) Target Sequence 
Hypothesis 3d; Dynamic Visual Acuity (DVA) will be reduced as load increases 
and high frequency wave propagation through the kinetic chain increases at the eye/head 
level.  This will be reflected in increased time to identify the correct initial target under 
greater loads (Time to Identify (TtID)).  
Time to Identify (TtID) target sequence will be used as the measure of dynamic 
visual acuity, as it reflects the greater time to adequately foveate on the target under 
different configurations.  This may be caused by increased inertial movement under 
heavier loads, increased high frequency shock wave propagation through a stiffer kinetic 
chain, or some combination thereof.  Time to Identify (TtID) will be measured from 
initial contact with the force plate (when the environmental cue is provided) to movement 
onset of the end effector in the direction of the target. 
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3.6.3 Study 3 Statistical Procedures 
Study 3 will utilize RM-ANOVA with equipment Configuration and target 
location as the within subject factors for the following dependent variables; TtTP, 
accuracy, mean switch time, TtID, and coordinative / relative motion measures from 
landing position to the first shot target (x 2 Target positions) and from the first to second 
target positions .  Switch time dynamics will also be examined qualitatively through 
histograms between conditions, and overall between the High to Forward, and Forward to 
High transition.  Coordinative segmental motion and cessation, and relative motion 
between the head and helmet will be assessed qualitatively through graphical 
representations similar to Figure 3.9.   
3.7 Potential Methodological Problems 
Potential methodological problems include our selection and assumption of well-
trained marksman and differences in their previous marksmanship training.  Their 
selection could potentially skew our results towards non-significance given their level of 
training, fitness, and expertise in moving in combat equipment.  On the other hand, if 
they are not as well trained or skilled as anticipated, the results could be inflated with 
regards to their operational importance.  These experts were selected to specifically 
minimize the variability in marksmanship, such that the effects observed where primarily 
due to the equipment configurations.  It will not be possible to ascertain whether or not 
this was achieved though a single study.  It is more likely that as we continue to assess 
different levels of expertise (i.e. Infantry, non-Infantry, National Guard, etc.) that trends 
will begin to develop so that we may better understand the results of this initial study 
with regards to this issue. 
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Despite this potential shortfall, this study represents the first of its kind, and if the 
methodologies herein are proven out, then further comparisons to different baseline 
systems will be fruitful for furthering our understanding of the problem of “Warfighter 
Load”.  Moreover, the relationships established between variables in Task Space and 
their underlying dynamics will provide great insight into the neuromechanical regulation 
of movement during functional tasks in a much more generalizabile manner. 
A second potential methodological problem stems from the ability to accurately 
discern the true center of the target in task space using the methods above.  On one hand, 
we have a target captured in the collection volume and known local coordinate system 
measured to a high degree of confidence with an advanced measuring device (0.0005 
inches).  The ability to use this target and transform the coordinates from this target to 
related coordinates of the High target is less straight forward given that it is outside the 
collection volume used in movement trials.  Our attempt at creating a volume where they 
both exist in the Global Coordinate System (tied to the corner of the force plate) may be 
successful, yet there exists a limitation in measurement of the motion capture system as 
well as variability in the placement of the calibration frame for every subject.  To 
minimize this variability, we have provided a supported Shot Vector measurement using 
the average of five shots per target from a supported position.  While there is no doubt the 
supported position is more accurate in determining the center of the target, there exists 
error in the measurement in this case as well (due to smaller movements of the subject, 
and the measurement device itself). 
Another potential problem in the methodology has to do with the Time to Identify 
(TtID) variable, and has three different aspects.  First, despite efforts during pilot studies 
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to get the “right” size visual cue for the Dynamic Visual Acuity task, it may not be 
correct and we may observe equivocal results as a result.  This is especially true as those 
who rely on DVA for performance and are well-trained in context have much greater 
DVA (Banks et al., 2004).  Second, not all of our subjects’ visual abilities may be the 
same and those with very good visual acuity may have no problem discerning the cue 
while those with poor visual acuity may not be able to until much later in the movement 
(potentially after establishing upright posture).  Finally, it is possible that subjects 
identify the correct sequence early after initial contact, but are unable to begin moving 
the gun towards the target (“movement onset”) because of the functional constraints in 
landing (e.g. moving the gun up immediately upon discerning the correct sequence may 
cause a shift in the system that would cause them to take a step, thereby violating the 
instructions given).  Short of explicitly examining dynamic visual acuity during landing 
using different size cues, and measuring dynamic visual acuity of our subjects (for which 
the tests are not very practical for real world movement; Banks et al., 2004), there is not 
much that can be done to improve on this measure at this time.  However, future efforts 
will be directed towards specific understanding of dynamic visual acuity during 
movement and ones ability to react to visual cues.  Use of more advanced measurement 
technology, such as eye tracking devices that provide time series of saccadic eye 
movement in Task Space will aid in this research.  However, much work will have to be 
completed in overcoming the initial barriers with these system’s current limitations of 
relatively slow head movement.  
The final potential problem in methodology is one found in all studies where 
instruction is involved; “Did the subjects do as they were instructed?”.  This is never easy 
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to ascertain as communication and understanding between two individuals is not always 
precise, even if they understand it to be so.  In order to optimize compliance with the 
instructions, subjects read the instructions, will be verbally told the instructions, will be 
“walked through” what the instructions mean in the context of the study through 
demonstration, and instructions will be repeated throughout each study in order to re-
affirm the original instructions given.  Moreover, the instructions provided are familiar to 
the task for the subjects, and specific contextual references are provided so that each 
subject understands the underlying meaning as best as could be expected.   
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CHAPTER IV 
DISSERTATION EVOLUTION AND MODIFICATION 
4.1 Evolution of the Dissertation 
The Doctoral Dissertation is a process, and as such it evolves from the time it was 
conceived until portions of it are published as part of the scientific literature.  While the 
intent of each portion of the Dissertation remains fundamentally intact, emergence of the 
data and evolution of the student combines to create opportunity for growth and 
development; often from the challenges of proposing new research, the inability to 
predict all possible outcomes, and solutions to problems arising from the initial proposal 
in which each research question may be addressed. This chapter documents the changes 
from the document submitted following the Dissertation Proposal to the Graduate School. 
It provides the basis for the original approach, as well as the reason for the changes 
acceptable to the Doctoral Candidate and Advisor.  
4.2 Study 1 Changes 
4.2.1 RMS Gaze Angle and Minimum Gaze Angle 
Following initial pilot work of landing under load, it was observed that 
perturbations in sagittal plane head/gaze angle trajectory occurred following initial 
contact with the forceplate when the load configuration and its mass “hit” the landing 
system (Figure 4.1). Originally, the author sought to characterize this perturbation by 
determining the RMS Gaze angle and minimal Gaze angle associated with this 
perturbation as a means to describe the potential impact on visual/aural orientation to the 
environment during landing.  Upon further observation and during data analysis, it 
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became clear that these measures would not provide adequate characterization with 
regards to orientation towards the environment for the information pick-up necessary in 
ecological tasks.  The limitations of the minimal angle (its discreteness within an 
ecological event) and the non-contextual nature of the RMS measurement suggested that 
metrics were needed that accounted for the entire event in a manner that provided 
meaning with regards to the observer in the environment. 
 
 
Figure 4.1: “Active Loading” of the Head during the Landing Event 
 
4.2.2 Mean Head Angle and Field of Regard Loss (FORL) 
Average head angle provides a more global measure of the access each participant 
had with regards to potential information in the environment over the landing event.  As 
the information in the environment is conservative and always available (Gibson, 1966), 
overall orientation over the work cycle provides a suitable means to determine global 
differences between equipment conditions.  However, as a time evolving system that 
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seeks to pick up meaningful information, the participant’s ability to perceive within the 
work cycle was also necessary.  A relative measure of Field of Regard Loss (FORL) was 
developed, and is based on the information available to the observer while standing 
upright with head oriented forwards.  In this position, the participant has zero Field of 
Regard Loss from 1) orientation of head towards the ground, and 2) head height distance 
from the ground.  The combination of head height from the ground and gaze angle, then, 
can be used to determine the amount of loss of available information based on the 
postural affordances during movement relative to this upright postural configuration and 
comparisons between equipment configurations can be made.  The following formula 
represents the equation developed for Field of Regard Loss (FORL); 
 
FORL = │Gaze Angle│ * (1 / Proportion Max Head PositionZ) (Degrees) 
 
As each participant’s own reference gaze angle was used from calibration trials 
for the zero position (Unloaded condition), the absolute value of the deviation from this 
angle in the negative direction (Figure 4.1) provides the first term in the above equation. 
As relative position of the head changes during landing and head height relative to the 
ground also constrains what visual-aural information can be picked up the environment 
towards which the person is facing, the second term in the equation provides the means to 
modify the Field of Regard Loss at every point across the landing cycle based on the 
vertical position of the head (e.g. 0% for head on the ground, 100% for upright stance).  
Field of Regard Loss for a subject with head angle at 0° and standing completely upright 
would be zero, as demonstrated in the below equation. 
FORL (0°, 100%) = │0│*(1/1.0) = 0 
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4.3 Study 2 Changes 
4.3.1 Assumption of Movement Cessation of Segments for Timing Relations 
As originally proposed, the relative timing of movement cessation from 
movement onset to segment and equipment cessation was to be used in the evaluation of 
coordinative timing for the following segments and pieces of equipment; Gun, Trunk, 
Head, and Helmet.  During analysis of the original timing data, it was determined that 
there was no relative motion between the helmet and head (every trajectory for helmet 
was superimposed over the same trajectory of head).  As such, it was determined that 
analysis of helmet motion and its cessation would not be analyzed, and that any effects of 
wearing the helmet and NVG load could be ascertained by changes in head motion 
between the conditions.   
During the post-processing of segmental movement to determine movement 
cessation, two issues were found for the trunk and head segments: 1) movement cessation 
of the head and trunk did not necessarily occur, and 2) selection of segmental movement 
cessation for these segments was not easily defined (even if the segment appears to stop 
moving) objectively using velocity profiles or positional data.  These issues precluded the 
use of these segments for assessing coordinative timing in the manner originally 
proposed.  However, as the barrel movement cessation was easily defined (objectively via 
a threshold value following the large excursion of the barrel using the velocity profile), it 
was determined that the assessment of the “t4” variable (time from all movement 
cessation to trigger pull) could still be assesed.  Unlike originally proposed, the new t4 
variable is considered from time of barrel cessation to trigger pull (Quieting Time; Tq).  
This allows the focus of the timing to shift to the working point on the end-effector, and 
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to hypothesize that longer Tq epochs reflect a greater requirement for the system to “quiet 
down” under different load configurations when in the final postural (gross) position.  
This determination, while solving the issues found in post-processing, creates a 
gap in one of the major research questions and levels of analysis; the intermediate level 
of coordinative dynamics between head, trunk, and gun.  The original proposal to use 
coordinative timing measures was based on the limitations in current analysis techniques 
to evaluate segmental coordination when movement does not occur within one of the 
three Cartesian planes of motion.  Despite this potential limitation, it was determined that 
Vector Coding analysis would be used to assess the level of coordination dynamics in this 
study.  Variability in the coupling angle between trials and within subjects from 
movement onset to barrel cessation was used to examine changes in coordination 
between the following relations: Gun-Trunk; Gun-Head, and Trunk-Head.  The sum of 
the variability in coupling angle for each of the Cartesian planes within each coupling 
will be used to assess changes in coordination dynamics under load and changes in 
posture.  This approach is similar to that originally taken by Bernstein (1935, 1967) 
regarding the between trial variability observed in laborers in the early 20th century, and 
provides a basis to get at the changes in the performance manifold under loaded 
conditions.  Unlike previous data, which consistently demonstrate a reduced variability 
with additional constraints, it was hypothesized that the load conditions increased 
coupling angle variability due to greater inertial and interactive forces during the rapid 
reorientation of posture towards the targets.  
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4.3.2 Removal of Second Shot 
Originally, it was proposed that the time between Trigger Pull 1 (TtTP1) and 
Trigger Pull 2 (TtTP2, approximately 10 s) would be used to asses postural-focal 
coupling.  However, due to the response from subjects regarding some potential fatigue 
associated with maintaining this position for the high posture, a smaller epoch was used 
to calculate Cross Mutual Information (CMI).  This epoch was the time from barrel 
cessation plus five seconds (1200 data points), which provides a consistent time series for 
all participants and one which sought to remove the effects of fatigue during the static 
posture. 
4.3.3 Postural Regulation While Establishing Marksmanship Postures 
Use of Fast Fourier Transform (FFT) analysis on the CoP time series was 
originally proposed to examine changes in the underlying postural regulation under 
different loads and postures.  Upon examination of the data of the CoPr time series from 
movement onset to trigger pull, it was found that this analysis yields no interpretable 
insight into the underlying postural regulation during this task.  In order to ensure an 
examination of postural regulation, it was determined that CoP variability (CoP SD) 
would be used for this analysis.  While more course-grained in nature, this analysis has 
been used extensively in the literature and should provide initial insight into changes in 
underlying postural regulation with load until such time that additional techniques may be 
brought to bear on the problem (e.g. Recurrent Quantification Analysis).   
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4.4 Study 3 Changes 
4.4.1 Coupling Angle and Coordinative Variability 
Similar to the changes in Study 2 regarding segmental coordination, Vector 
Coding analysis was used in Study 3 in order to understand the consequences of load on 
postural transitions.  In Study 3, the postural transition between the two targets offered 
the most consistent movement (from barrel cessation to barrel cessation) within which 
coupling angle and its variability could be assessed.  As the largest movement between 
the two targets was in the Z-axis (about the axial axis) Trunk-Head and Trunk-Gun 
coupling angles were calculated within this epoch to examine the consequences of load 
on coordination.  Within trial variability was calculated by distribution of values across 
this epoch by measuring the Kurtosis in the distribution.  Higher kurtosis values represent 
greater “peakedness” and less variability, while lower kurtosis values represent a wider 
distribution in the coupling angles within trials.   
4.4.2 Addition of Peak Head Velocity 
Time to Discriminate (TtD) target sequence increased with loads during transition 
to upright stance, and literature suggests that head velocity can be related to loss of 
dynamic visual acuity. As such, peak head velocities in the sagittal plane were computed 
for the same epoch to determine if this factor may have contributed to the loss of dynamic 
visual acuity under load.  This linked the measure of task performance (TtD) to a relative 
coordination variable involving the systems’ ability to coordinate with targets of interest 
in the environment during movement under load.  
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CHAPTER V 
STUDY 1; ESTABLISHING POSTURE UNDER LOAD 
Abstract:  
Orientation towards ones surroundings is necessary for prospective control of 
action, and constraints on orienting activity have consequences for animal survival.  
Physically-coupled load is a constraint for humans wearing protective equipment 
(firefighters, soldiers, etc.).  The consequences of load on postural affordances while 
transitioning to upright stance was used to quantify the impact of different soldier 
configurations.  Eight participants established upright posture in four relevant load 
configurations (5.0 to 79.2 lbs.).  Load impacted the accessibility of optical information 
at a distance; as evidenced by increasing downward head angles and reductions in 
postural coordination.  Reductions in the variability of time to establish upright stance 
with load suggests a loss of functional adaptability.  Load asymmetries played a 
significant role, as the most asymmetric configuration (not the heaviest) had the most 
detrimental effect on postural affordances for prospective control of action.  CoP 
dynamics reflected the consequences of asymmetric loading on postural regulation, as 
greater power and fluctuations across frequencies were observed.  Physically-coupled 
load induces significant constraints on orienting activity, and load asymmetry contributes 
significantly to the detrimental effects of protective equipment on action-perception 
coupling during whole-body movements. 
 
Key Words: Postural affordances, physically-coupled load, perception, orienting system, 
establishing posture, ecological task analysis. 
 
“elements of a dangerous combat…require immense, resourceful dexterity and almost 
always are connected to the risk of danger to life…Such a movement is an interlacing of 
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all the levels and, simultaneously, an unbreakable combination of all the most 
challenging types of human activity”  pp. 166  
 
N.A. Bernstein, Dexterity and its Development, Circa 1946 
5.1 Introduction 
Orientation to ones environment is fundamental for the pick-up of optical 
information and prospective control of action (Gibson, 1966; Turvey 1992).  Orienting-
investigating activity requires sensitivity to postural constraints, and enables sensitivity to 
events and objects in the environment (Gibson, 1986).  Establishing appropriate postures 
for action benefits the animal, as a progression of postures (e.g. the “series of station 
points”) can create, destroy, or deprive the animal of invariants and transformations that 
underlie visual perception (Gibson, 1986).  Evaluation of postural affordances helps one 
to understand the consequences of different body configurations on the animal’s ability to 
realize its goals through perceptual guidance of action (Riccio & Stoffregen, 1988).  
Postural affordances can be defined as perceivable relations in the animal-environment 
system that allow, through a progression of postures 1) pick-up of information about the 
surroundings that is relevant to goal directed action, and 2) coordination of nested action 
systems (e.g. scanning during locomotion) with respect to the environment and goal-
directed action it supports. Maintenance of visual orientation towards the environmental 
information of interest, over changes in posture, is an essential element of postural 
affordances and task achievement (Bloomberg et al., 1992; Van Emmerik, 2007).  
Establishing upright posture is a ubiquitous task for animals, a transition from 
locomotion to ‘stable’ stance (a qualitative change of state from a dynamic to a relatively 
static posture).  While usually studied as a separate event such as stepping (Buckley et al., 
2008) or landing (Thompson & McKinley, 1995), this transition is usually nested within 
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some other task such as those involving looking (e.g. reading, target detection). The latter 
are referred to as ‘superordinate tasks’ insofar as performance in such tasks is contingent 
upon the successful performance of shorter timescale tasks nested within the larger task 
dynamics.  As such, the postural affordances during this transition are defined in terms of 
the task within which it is nested, as the superordinate requirements provide contextual 
constraints on the transition itself (e.g. pick-up of information beyond that required for 
the transition alone).  Landing may be understood implicitly as the transition from 
movement to upright posture involving the coordination required to dissipate kinetic 
energy via segmental flexion throughout the kinematic chain (McNitt-Grey, 1993, Zhang 
et al, 2008).  From a purely physical perspective, there are limits to the landing synergies’ 
ability to dissipate energy (e.g. increased segmental flexion in the sagittal plane until all 
available degrees of freedom (DoF) have been recruited; McNitt-Grey, 1993).  After 
these limits are reached, a change in coordinative pattern (bifurcation) is expected in 
order to dissipate the necessary energy from the system (Kelso, 1995).  Multiple 
constraints on landing (intentional, perceptual, and physical), then, may restrict access to 
some DoF, potentially resulting in emergent behavior outside intentional boundaries (e.g. 
an emergent step, stumble, or fall).  
This observed coordination to dissipate energy during the establishment of upright 
stance has several implications for landing in ecologically more representative conditions 
(e.g. landing as a subordinate task).  Santello et al. (2001) and others (Liebermann & 
Goodman, 2007; Thompson & McKinley, 1995; Sidaway et al., 1993) have shown that a 
downward looking gaze is beneficial for appropriate tuning of the landing synergy and 
softer landings.  Landing as part of a superordinate task requiring visual acuity may 
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preclude the flexion of the trunk and head that facilitates direction of gaze towards the 
surfaces of relevance.  Maintaining this gaze orientation by stiffening the trunk and neck 
during landing, however, may have consequences of reduced visual acuity from increased 
shock propagation (non-dissipated energy) from the feet to the head and eyes (Zhang et 
al., 2008).  Mulavara et al. (2002) and others (Peters et al., 2005) have demonstrated that  
performance requirements tune lower extremity kinematics and head-trunk coordination 
during locomotion in a manner that supports orientation and stability of the visual system, 
demonstrating the superordinate constraints on nested task dynamics.   
Most efforts have used a variation in height to investigate landing, and how 
energy is dissipated from a biomechanical perspective.  Physically-coupled load offers an 
alternative approach to examine the ability to maintain orientation towards the 
environment during this postural transition.  Given the need for humans to wear and carry 
equipment for protection and task performance (e.g. hand-held tools, firefighting 
equipment, footwear, backpacks, body armor, helmets, etc); examination of different 
loads and their distribution on the body is relevant to understanding potential 
consequences on superordinate tasks during landing.  For soldiers, landing under load is 
ubiquitous in training and combat environments, and any inability to maintain the 
necessary progressions of posture for knowing about their surroundings may have dire 
consequences.  Soldiers’ ability to perceive and act appropriately requires the utmost 
dexterity (Bernstein, 1996) and their survivability depends on it.  Moreover, current 
soldier loads are heavier than ever (90-110 lbs; U.S. Army Report, 2009), are distributed 
across the system (e.g. helmet, boots, gun, vest, backpack), and their consequences on 
performance and survivability are poorly understood. 
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In order to appreciate the effect of load on the nested performance of landing and 
concurrent tasks, it’s helpful to initially examine the intrinsic dynamics (Kelso, 1995) of 
landing under load (a postural stabilization task).  Intrinsic dynamics refers to the manner 
in which the system organizes itself when superordinate tasks are minimal across relevant 
load conditions.  When more demanding tasks are incorporated (e.g., tasks requiring 
dynamic visual acuity or integration of other nested action while establishing posture); 
investigating the effects of load on dual task performance is facilitated by an 
understanding of the intrinsic dynamics (Kelso, 1995).  An examination of the postural 
affordances while establishing upright stance under different loads provides a non-
arbitrary evaluation function of extreme relevance for the survivability of soldiers in 
combat.  It increases our understanding of the consequences of segmental loading and 
emergent postural configurations for optical information pick-up, coordination of action, 
and overall task performance. 
It is the purpose of this investigation to characterize the establishment of upright 
posture during landing under different soldier loads as an initial step to understand the 
effect of load on postural affordances.  Increasing constraints as a function of realistic 
load and its distribution are hypothesized to limit the postural affordances of the system 
for perception-action coupling.  This hypothesis (Hypothesis 1) would be supported by 1) 
increases in the time to establish upright posture needed for perception and environmental 
interactions, 2) head orientations that reduce access to relevant optical information, and 
3) reductions in head-trunk coordination supporting visual organ orientation.  Changes in 
these temporal and spatial measures may reveal how super-ordinate tasks may be 
compromised by interfering with: the pick-up of information for prospective control (e.g. 
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perception of affordances); the evolving affordances for successful action within the 
environment; or both.  
Underlying challenges to the orienting system during transition to upright stance 
may also be revealed by the Center of Pressure (CoP) time series insofar as energy 
exchanges at the physical interface between animal and environment reflect the dynamics 
utilized for postural regulation (Riccio, 1993; Riley & Turvey, 2002).  Changes in the 
underlying fluctuations within the CoP time series may provide insight into postural 
regulation and associated challenges to achieving useful postures under different load 
configurations. We assume that changes in postural regulation are necessary, given the 
need to maintain the coordinated pattern for establishing upright posture (landing) as 
interaction and inertial forces increase due to load and its distribution.   It is hypothesized 
that increased CoP fluctuations at higher frequencies reflect this increased regulation 
(Hypothesis 2).   
Fundamentally, landing under load introduces additional energy into the system 
that must be dissipated in a manner that does not destroy the coordination pattern of 
landing itself (lower-frequency segmental relations).  To achieve this, additional energy 
must be dissipated via symmetrical, higher frequency fluctuations that are unlikely to 
interfere with intentional goal of landing (Riccio & McDonald, 1988; Riccio & 
Stoffregen, 1988).  The ability of the landing synergy to dissipate energy via increased 
fluctuations within landing constraints has its limits, and at critical points these 
fluctuations may ‘push the system’ into a phase transition, or bifurcation (Gilmore, 1981; 
Haken, 1985; see also, interactions among different atomisms as discussed in Iberall & 
Soodak, 1987).  Phase transitions within the landing synergy include an emergent step, 
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stumble, or fall that may have categorical consequences when establishing upright 
posture in critical situations as they may delay necessary action, preclude relevant 
information pick-up in, or cause injury (Riccio & Stoffregen, 1991; Van Wegen et al., 
2002). 
5.2 Methods 
5.2.1 Participants  
 Eight male participants with experience wearing military equipment (former or 
current infantrymen or like occupational specialties) were recruited for participation in 
the study (30.3 ± 5.6 years, 192.8 ± 25.4 lbs., 70.2 ± 2.0 in.).  Participants provided 
written informed consent following study approval through the Institutional Review 
Board at the University of Massachusetts Amherst.  The participants were all free from 
injury, and indicated no chronic neck, back, or lower extremity injuries.  
5.2.2 Data Apparatus and Processing 
Nine retro-reflective markers were used to capture 3D movement of the head and 
trunk. Five were attached to the participant’s head and four to the torso (left/right 
acromion process, and right/left greater trochanter of the thigh).  The helmet was secured 
to the head tightly by a four-point retention system used in advanced helmet technology 
to minimize any possible motion between head and helmet.  Kinematic (segmental 
movement) and kinetic force plate data (CoP) were collected simultaneously during 
calibration and movement trials using an eight-camera Oqus Motion Capture system (240 
Hz; Qualysis, Gothenburg, Sweden) and a 60 x 120 mm AMTI force plate (960 Hz; 
Watertown, USA).  Data were processed using  3-D software (Visual 3D, C-Motion, 
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Germantown, USA), and custom written software in Matlab (The MathWorks, Natick, 
USA).   Visual 3D was used to filter the kinematic (8 Hz, low pass) and kinetic (1.5 Hz, 
high pass) data with a 4th order, dual pass, zero lag, Butterworth filter and to create a 2-
segment model of each subject (head and trunk; see below for selection of filtering 
frequency).  Sagittal plane head and trunk angles were calculated during each trial, and 
were time scaled to 100% of the landing event.  Establishment of upright posture was 
considered as the time from initial contact with the force plate (15 N threshold) until 
stable upright stance was achieved (see below, Time to Establish measure). 
5.2.3 Procedure 
Participants wore sneakers, shorts and tank tops during data collection.  During 
movement trials, participants stepped off a twenty-four inch high plyometric box onto the 
center of the force plate.  Trials were conducted under four different loading 
configurations (Figure 5.1): (a) Weapon, holding a mock weapon (5 lb.) in a consistent 
“low-ready” position familiar to all subjects in all trials; (b) Helmet, adding a 3.5 lb. 
helmet to the Weapon configuration (8.5 lbs. total); (c) Vest, adding a 47.7 lb. ballistic 
vest to the Helmet configuration (56.2 lbs. total); (d) Pack, adding a 23.0 lb. small 
backpack to the Vest configuration (79.2 lbs. total).   
 
    Weapon (5 lbs.)        Helmet (8.5 lbs.)           Vest (56.2 lbs)           Pack (79.2 lbs) 
Additional Pounds:           + 3.5 lbs    + 47.7 lbs.               + 23.0 lbs.  
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Figure 5.1: Landing configurations and associated weights. The Vest configuration 
was more forward loaded in accordance with operational practices and locations of 
the integrated load carrying equipment. 
 
The ballistic vest and backpack were filled with standard military equipment (e.g. 
ballistic plates, mock magazines, mock batteries, and rations) and distributed in 
accordance with operational practices.  During a single visit, five trials were conducted 
for each configuration (20 total trials) in an attempt to minimize fatigue.  The order of 
conditions was balanced across participants, and no less than one minute rest was allowed 
between trials.  
Participants were instructed to: (a) “step off” the box and onto the force plate (not 
jump off), (b) “land and stand” without taking a step, and (c) remain standing.  
Participants were instructed to land as comfortably as possible, and it was stressed that 
the intent was not to do so as quickly as possible.  At the end of the trial, participants 
were instructed simply to keep their gaze forward and maintain a quiet stance position 
until asked to step off the force plate.  With the above exceptions, no other constraints 
were placed on style of establishing upright posture.  
5.2.4 Data Analysis 
Time to Establish (TtE) upright stance was determined by examination of the CoP 
resultant (CoPr) time series using a forward sliding window Standard Deviation (SD) 
technique over four different time-scales (500, 250, 100, and 50 ms) from initial contact 
with the force plate.  CoPr is the Euclidean distance from the corner of the force plate to 
the instantaneous CoP position, which is the mean of the pressure distribution on the 
force plate.  Using different SD window sizes provides insight into fluctuations in the 
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underlying dynamics of the system at different time scales, and it increases confidence in 
the determination of when fluctuations across different nested processes had all reached 
some state of relative equilibrium.  TtE was operationally defined as the time when the 
SD for all window sizes fell below 4 mm in the time series (this definition was based on 
pilot testing and examination of the SD time series of the CoPr).  
Initial, final, and average head angle (as an approximation of gaze orientation) 
were calculated from kinematic data during landing to assess global changes in the 
postural affordances for vision under different load configurations.  However, because 
visual perception is related to both eye-height (Sinai, et al., 1998; Warren, 1995) and 
orientation towards the environment, a coarse measure was developed to asses the 
changes in the Field of Regard relative to the environment that could result in the 
reduction information pick-up.  Field of Regard Loss (FORL) (Figure 5.2) was a relative 
measure compared to the upright stance position (zero Field of Regard Loss).  Field of 
Regard Loss was calculated as the sum of the products of the absolute value of sagittal 
head orientation and the inverse of the percentage of maximum vertical head height at 
each point across the event cycle. Each trial was normalized to 100% of the landing 
event, resulting in n = 101 points for each computation of Field of Regard Loss in 
Equation 5.1.  This measure provided a consistent evaluation metric with regards to the 
relative loss of the Field of Regard related to the ability to pick-up visual information 
across load configurations.   
FORL = Σin[│Head Orientation│ * (1/% Max Head Height)] (Degrees) (5.1) 
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Figure 5.2: Field of Regard Loss during the event as a function of head orientation 
and vertical position of the head relative to upright, forward looking stance (zero 
Field of Regard Loss).   
 
Head-trunk coordination was quantified using Vector Coding procedures as 
described in Chang et al. (2008).  Relative motion diagrams (head-trunk angles) provide 
the coupling angle that exists between two segments during movement (Figure 5.3a). 
Vector coding allows the quantification of the coupling angle at every point during the 
movement as well as the general pattern of coordination (e.g. in-phase, anti-phase, trunk 
movement, head movement) throughout movement (Figure 5.3b).  While each of the 
eight coordination patterns may occur during the establishment of upright posture (Figure 
5.3b indicates the “bins”; which include ±22.5 degrees around each coordination pattern 
indicated), coordination was classified into two primary patterns; Orienting coordination 
and Non-orienting coordination.  Orienting coordination patterns included Head and 
Trunk extension only, anti-phase Head extension with Trunk flexion, and in-phase 
extension of Head and Trunk (Figure 5.3b).  Orienting coordination patterns were defined 
as those in which the head-trunk progression reflected increasing access to potential 
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visual information in the distance (upwards), while non-orienting patterns were defined 
as those in which the head-trunk progression was towards the ground immediately to the 
front of the subject (downward).  Non-orienting coordination patterns thus included Head 
and Trunk flexion, anti-phase Trunk extension with Head flexion, and in-phase flexion of 
Head and Trunk.  Binning the data in this way allows one to capture the potentially many 
ways in which the system is able to orient towards the objects in the distance during 
establishment of upright posture (or not), and helps appreciate the consequences of load 
in doing so.  Coupling angles were binned into the eight fundamental coordination 
patterns (Figure 5.3b) and then into Orienting and Non-orienting patterns for comparison 
between loading conditions.  
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Figure 5.3: a) Angle-angle diagrams of Trunk – Head motion during establishment 
of upright posture under load.  Angle-Angle diagrams provide a graphical 
representation of two coupled segments and their coordination during an event.  In 
this case, one can observe that the general relationship between trunk and head 
involves a continuous extension of the head while the trunk goes through flexion and 
extension during landing.  The continuous extension of the head is best exemplified 
in the absence of vertical lines in the Weapon condition, unlike those observed in the 
Vest configuration. b) Coupling angle provides a single coordination measure of the 
phase relations between segments during the event. Coupling angles are calculated 
from the Relative Motion data (graphically represented on the lower right), and 
provide a basis for binning phase relations into various coordinative patterns of 
interest.  In this case, the data was binned into all eight coordination patterns in 
Figure 3b by including the data from each absolute coordination pattern plus and 
minus twenty-two and a half degrees, e.g. Head Extension from 337.5° to 22.5° (0 ± 
22.5°).  
 
Frequency analysis (FFT) of the CoPr time series was calculated to assess 
changes in regulation and underlying fluctuations with increasing load.  Mean Total 
Power, mean Total Power within 2 Hz frequency bins (1.5 -15.5 Hz; 2.5 ±1 Hz, 4.5 ± 1 
Hz, etc), and mean Frequency were used in this assessment.  Frequencies above 1.5 Hz 
were selected to minimize the contribution of segmental movement to signal power and 
maximize the underlying regulatory fluctuations in the CoPr signal.  The upper bound of 
frequency content in the CoPr signal was 15.5 Hz, representing the neuromuscular range 
 184 
 
found in the measures of physiological tremor (Greene, 1972; Raethjen et al., 2002; 
Riccio & Stoffregen, 1988).   
5.2.5 Statistical Analysis 
Dependent measures were tested using a Repeated Measures Analysis of Variance 
(RM-ANOVA) with equipment Configuration as the within subject factor.  When the 
assumption of statistical sphericity was violated within the data, the larger p-value from 
the Huynh-Feldt and Geisser-Greenhouse techniques was used to determine significance.  
While these corrections are generally considered too conservative, they provide the 
necessary prudence when assessing significance in non-spherical data sets (Maxwell & 
Delany, 2003).  When main effects were found, post-hoc comparisons between load 
configurations were evaluated for significance using pair-wise comparison (t-tests).  
Dependent measures include; 1) TtE, 2) Initial, Final, and Average Head Angle, 3) Field 
of Regard Loss, 4) Orienting and Non-Orienting coordination patterns, and 5) CoP Mean 
Frequency and Total Power between 1.5 and 15.5 Hz, and Total Power within each 2 Hz 
frequency bin. 
5.3 Results 
5.3.1 Time to Establish (TtE) Upright Posture 
Main effects for TtE were non-significant across load configurations (Table 5.1), 
however, total variability decreased with increasing configuration weight (Table 5.1).  
Mean TtE variability within and between participants was examined to determine if this 
reduction in variability was consistent across participants.  The total and between subject 
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TtE variability decreased as configuration weight increased (Table 5.1, Figure 5.4), but 
this was not observed for within subject variability (p = 0.34).   
Table 5.1:  Time to Establish Upright Posture, Mean ± SD 
  
Main 
Effects p , 
(F, df) 
Weapon 
(s) 
Helmet 
(s) Vest (s) Pack (s) 
Time to Establish 
(TtE) 
p = 0.53, 
(0.76, 3) 
2.44 ±   
1.1 
2.42 ± 
0.96 
2.21 ± 
0.78 
2.10 ± 
0.62 
Total Variability 
(σ2) 
p = 0.032, 
(5.71, 3) 1.21 0.91 0.60 0.34 
Between Subject 
Variability (σ2) 
p < 0.001, 
(18.23, 3) 0.83 0.66 0.04 0.04 
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Figure 5.4: Time to Establish (TtE) upright posture within (total variability, a) and 
between participants (b).  When the data are summarized using Box-plots, they 
show median ± 25% of the Inter-quartile Range (IQR), and whiskers represent the 
last data point that does not fall outside 1.5 IQR (outliers beyond this range will 
appear as individual dots).   
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5.3.2 Head angle, Field of Regard Loss, and Head-Trunk Coordination 
Significant main effects for configuration were fournd for all measures of Head 
Angle (Tables 5.2, Figure 5.5, 5.6) and Field of Regard Loss (Tables 5.2, Figure 5.7).  
Figure 5.5 shows the change in head angle during establishment of upright posture from 
landing and Figure 5.6 provides the mean head angles at initial contact with the force 
plate (Initial Position), final upright posture (Final Position), and the average head angle 
across the event (Average Position).  Figure 5.7 provides graphical comparison of Field 
of Regard Loss across configurations.  Post-hoc analysis revealed significantly greater 
downward head orientation and Field of Regard Loss in the Helmet, Vest, and Pack 
configurations when compared to the unloaded configuration (Weapon) (Table 5.2).  
Post-hoc analysis also revealed that landing in the Pack condition produced less 
downward head angles and Field of Regard Loss than in the Helmet and Vest conditions 
while establishing upright posture.  
Table 5. 2: Head Angles (degrees) and Field of Regard Loss (degrees) 
during Establishment of Upright Posture, Mean (SD) 
  
Main 
Effects p, 
(F, df) Weapon Helmet Vest Pack 
Initial 
Position 
p = 0.031, 
(4.34, 3) 
-33.46 
(10.4) 
-41.47 
(10.1)* 
-39.74 
(10.3)* 
-36.94 
(8.60)* ‡ 
Final 
Position 
p = 0.0054, 
(10.8, 3) 
-2.85    
(5.06) 
-12.16 
(8.96)* 
-13.01 
(6.15)* 
-9.80     
(6.40)* ‡ 
Average 
Position 
p = 0.0053, 
(9.57, 3) 
-12.02 
(6.93) 
-22.00 
(9.01)* 
-22.66 
(8.45)* 
-18.63 
(6.60)* ‡ 
Field of 
Regard Loss 
p = 0.0037, 
(9.34, 3) 
1488   
(821)§ 
2565 
(1048) 
2664 
(1039) 
2185    
(794)‡ 
* Significantly Less than Weapon (p ≤ 0.044)                  
‡ Significantly Less than Helmet & Vest (p ≤ 0.004) 
§ Significantly Less than Helmet, Vest, & Pack (p < 0.001) 
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Figure 5.5: Mean head angle progression across subjects while establishing upright 
posture; note that for all conditions downward head orientation is the initial 
position with gradual extension throughout the action.  Zero degrees is the position 
of the head captured in the static calibration trial and in the Unloaded condition; 
negative angles indicate degrees of flexion from this position. 
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Figure 5.6: Bar chart showing mean and standard deviation of head angles upon 
initial contact with force plate (Initial Position), at upright stance (Final Position) 
and over the entire establishment of upright posture (Average Position).  Zero in 
this graph is the same as in Figure 5.5.  
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Figure 5.7: Relative Field of Regard Loss over the landing event when compared to 
upright stance as a function of head angle and vertical head position in space. Field 
of Regard Loss provides a relative measure between configurations related to the 
unavailability of different vistas within the environment that may contain 
information relevant to prospective control of action (e.g. identification of threats or 
adequate hiding places).  
5.3.3 Orienting and Non-Orienting Coordination 
Significant main effects for orienting coordination pattern were found, with post-
hoc analysis revealing greater orienting coordination patterns in the Weapon and Helmet 
compared to the Vest and Pack configurations (Figure 5.8, Table 5.4).  Of additional note 
is the reduction in the variability in the Vest configuration compared to the others.   
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Table 5.3: Orienting coordination while establishing upright posture (% of 
Landing), Mean (SD) 
 
  
Main 
Effects p , 
(F, df) Weapon (%) Helmet (%) Vest (%) Pack (%) 
Orienting 
Coordination 
p = 0.0003, 
(7.04, 3) 
80.77* 
 (9.48) 
79.83* 
(10.44) 
74.47  
(6.44) 
74.15 
 (9.94) 
* Significantly greater than Vest or Pack (p ≤ 0.0073)   
 
60
70
80
90
10
0
O
rie
nt
in
g 
C
oo
rd
in
at
io
n 
(%
)
Weapon Helmet Vest Pack
Orienting Coordination
P
er
ce
nt
60
70
80
90
10
0
O
rie
nt
in
g 
C
oo
rd
in
at
io
n 
(%
)
P
er
ce
nt
 
Figure 5.8: Orienting coordination of head-trunk patterns during establishment of 
upright posture.  Orienting coordination is defined as all head-trunk coupling 
relations that reveal more of the environment during landing (e.g. head-trunk 
extension). Non-orienting coordination are all head-trunk coupling relations that 
reduce access to the available environment while landing (e.g. head-trunk flexion). 
 
5.3.4 CoP Frequency Content 
Significant main effects for Load configuration were found for total power and 
mean frequency across the 1.5 – 15.5 Hz frequency spectrum (Table 5.5). Post-hoc 
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analysis revealed significantly greater total power in the Vest configuration compared to 
all other configurations (Table 5.5, Figure 5.9a).  Greater mean frequency in the Vest 
configuration was also observed (Table 5.5, Figure 5.9b), with no other differences 
between configurations.  Main effects and post-hoc analysis revealed similar patterns in 
the total power within 2 Hz frequency bins, with the Vest configuration having greatest 
power (p ≤ 0.006, Figure 5.10). 
 
 
Figure 5.9: a) Vest configuration demonstrated significantly greater Total Power 
during landing than any of the other load configurations. b) Mean Frequency was 
also significantly greater in the Vest configuration compared to other loads. 
 
 
Table 5.4: Main Effects, Post-hoc, and data from center of pressure FFT analysis, 
Mean (SD) 
  
Main 
Effects  
p , (F, df) Weapon Helmet Vest Pack 
Total Power  
(mm2) 
p < 0.0001, 
(20.14, 3)  
0.36 
(0.28) 
0.27 
(0.18) 
1.14* 
(1.0) 
0.37 
(0.33) 
Mean Frequency  
(Hz) 
p < 0.0001, 
(19.70, 3) 
2.72 
(1.6) 
2.31 
(1.04) 
6.75* 
(5.49) 
2.88 
(1.89) 
Bi-Modal Distribution 
(%) 
p = 0.0048, 
(6.19, 3) 
76.88 
(27.1) 
75.0 
(25.6) 
41.25** 
(24.2) 
60.63‡ 
(25.1) 
Frequency of 2nd 
Peak (Hz) 
p = 0.201, 
(0.65, 3) 
11.48 
(1.9) 
11.36 
(2.5) 
10.49 
(1.3) 
10.96 
(2.6) 
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* Significantly greater than all other configurations (p = 0.0001) 
** Significantly less than all other configurations (p ≤ 0.0273) 
‡ Trend for Pack to be have significantly less bimodal distributions (p = 0.0739) 
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Figure 5.10: Vest configuration showed significantly greater Power (p ≤ 0.006) in 
each of the 2 Hz frequency bins from 1.5 – 15.5 Hz. 
 
During examination of the CoPr FFT spectrum of individual landings, a bi-modal 
frequency distribution was observed in many individual trials (Figure 5.11), with a 
second peak between 8 and 12 Hz.  To determine the significance of this qualitative 
pattern, the percentage of landings with this bi-modal pattern was evaluated, as well as 
the frequency of the second peak.  A main effect for the percentage of bi-modal 
frequency distributions was found; the Vest configuration having significantly fewer bi-
modal distributions than all other configurations and the Pack configuration trending 
towards significantly fewer bi-modal distributions compared to the Weapon or Helmet 
configurations (p = 0.0739; Table 5.4). Main effects for frequency of the secondary peak 
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were non-significant (Table 5.4), and the mean second peak for all configurations was 
10.96 ± 2.1 Hz.  
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Figure 5.11: Representative examples from Landing CoP FFT frequency spectra 
with and without Bi-Modal distributions. Average second peak for all Landing 
conditions is 10.96 ± 2.1 Hz and is indicated by the vertical dotted grey line.  
5.4 Discussion 
The possibility that adding physically-coupled load reduces the postural 
affordances for the pick-up of optical information has not explicitly been evaluated in the 
literature.  This experiment aimed to understand the intrinsic dynamics involved in the 
establishment of upright posture under different soldier equipment configurations at 
several levels of the system, and the degree to which they may have consequences for 
action-perception coupling.  Time to establish (TtE) upright stance, head angle, and Field 
of Regard Loss were introduced as measures for assessing the temporal and spatial 
aspects of load constraints on postural control.  As such, these variables describe postural 
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task dynamics that have consequences for prospective control of movement.  In other 
words, they reveal postural affordances for concurrent and subsequent interactions with 
the environment through other perception-action systems.  Head – Trunk coordination 
(coupling angle) is an important part of the coordinative dynamics that underlie stability 
of the visual system for optical information pick-up.  Fourier analysis of the CoPr time 
series provides an initial understanding of the postural dynamics through evaluation of 
the changes in underlying fluctuations while establishing upright posture under different 
equipment configurations.  Collectively, the results show that postural affordances during 
this transitional task may be compromised by the addition of equipment at all of the 
above levels of analysis.  Hypothesis 1 (that physically-coupled load negatively affects 
the postural affordances for visual perception) is supported; load significantly increases 
Field of Regard Loss and downward head angles, reduces orienting coordinating, and 
decreases the variability in time to establish upright posture.  This is an important 
practical finding, as soldiers in critical situations must identify threats in their 
environment or hiding places (Gibson, 1979) that afford cover and concealment as 
quickly as possible and it is directly related to their survivability in combat.  
Hypothesis 2 (that load would require greater postural regulation reflected as 
increased fluctuation at higher frequencies of the CoPr) was also supported, as the total 
power and mean frequency increased only in the Vest configuration.  Moreover, the data 
strongly suggest that the distribution of load is as important as the weight itself; given the 
outcomes observed with the lighter, but more forward loaded Vest compared to the 
heavier Pack configuration.  When combined with existing literature on the effects of 
reductions in dynamic  acuity with faster head movements (Lee et al., 1997) and the 
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observed frequency content at the head during landing (Zhang et al., 2008), the position 
that load has significant practical consequences for visual perception becomes more 
strongly supported.   
Many studies have examined segmental contribution to energy dissipation during 
landing from different heights (McNitt-Grey, 1989; Zhang et al., 2008), different degrees 
of stiffness in the landing synergy (Zhang, 2002), or the effects of optical information on 
landing styles (Liebermann & Goodman, 2007; Sideway et al, 1989).  Few have included 
the trunk or head segments or examined the effects of physically-coupled load on landing 
dynamics (Kulas et al., 2008; Sell et al., 2010), and none have attempted to understand 
these spatial or temporal consequences on the evolving action-perception cycle on the 
performance of superordinate tasks.  Transition to stable upright posture and maintenance 
of orientation towards the environment at a distance is a ubiquitous task for all animals, 
and involves the regulation of segmental interaction and inertial forces within goal-
oriented constraints.  Regulation of these dynamics within task constraints (e.g. 
equipment and intentional boundary conditions to establish upright posture without 
stepping) is necessary for the pick-up of optical information required for prospective 
control of movement.  Reductions in the ability to pick-up this information during 
postural transitions may have severe consequences for perception and superordinate task 
performance (e.g threat identification or follow-on marksmanship tasks).  This study is 
the first to examine the dynamics of landing under realistic soldier load as a basis to 
explore the potential consequences on perception-action coupling beyond those of 
landing itself.  This approach, especially when combined with the extensive 
biomechanics literature on landing, provides powerful insight into the degree to which 
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physically-coupled load may affect prospective control of movement, its consequences 
on behavior, and the survivability of those wearing protective equipment. 
5.4.1 Consequences of Load Configuration on Postural Affordances 
While the addition of equipment did not change the mean Time to Establish 
upright posture, the reduction in the between subject variability with configuration weight 
suggests that the increasing constraints significantly reduce the potential strategies for 
landing that may impact adaptability.  This reduction in TtE variability (Table 5.1, Figure 
5.4) demonstrates significant constraints on the system’s ability to modify the evolution 
of the transition in a manner that is adaptable to other environmental constraints or 
ongoing events into which one may have to integrate.  This may have consequences on 
the ability to braid the ongoing events into a unified temporal structure required to 
complete the superordinate task performance (Saltzman & Munhall, 1992), because one 
may not be able to take advantage of the ever-changing affordances in the larger event 
dynamics (e.g. take a step, change direction, modify orientation, or integrate focal tasks).  
Moreover, the reduction in the TtE variability suggests more restrictive limits on the self-
generated changes required to reach intentional goals and prospective control.  Using the 
methods employed in this investigation, such implications are empirically testable.  
More specifically, it appears that the Vest (56.2 lbs, asymmetrically loaded 
towards the front) is as constraining as the Pack configuration, despite it being 23 pounds 
lighter.  The common thought that “less load is better” for performance may not 
necessarily the case, insofar as these findings demonstrate that differences in load 
distribution may provide either advantages or increased constraints on the way in which 
forces emerge during movement (inertial and interactive contact forces).  The ability to 
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take advantage of these forces, instead of fighting them, is an important facet of the 
successful regulation of goal-oriented movement (Fowler & Turvey, 1978).  The 
flexibility to integrate intrinsic dynamics into ongoing events is specifically related to the 
notion of postural affordances, given that the spatio-temporal progression of postures is 
required for successful task performance in most tasks that require interaction with the 
environment (i.e. the flexibility to be at the right place and at the right time).  These 
results further suggest that modifying load distribution may offer significant benefits to 
those in harms way without modifying the weight itself (e.g. one can carry the same 
protective capability or functional equipment with potentially greater temporal 
adaptability).   
The addition of equipment changed the postural affordances for orientation 
towards the environment and the capabilities for optical information pick-up.  Changes in 
the evolution of sagittal head angle to more negative angles (downward looking) 
throughout the establishment of upright posture change the current and potential Field of 
Regard (see Figure 5.6).  The fact that the addition of only a 3.5 pound helmet 
significantly changed the head orientation again raises the issue of load distribution.  
Head angles when wearing only the helmet were as negatively affected as when the 
subjects wore the Vest configuration (47.7 pounds heavier).  This finding suggests that 
the relative loading of these adjacent segments and asymmetrical load is as important as 
the weight itself; given that they are functionally and mechanically interconnected (e.g. 
the trunk and neck muscles span different segments and are connected by fascia that 
propagates and dissipates force across the entire myo-fascial array; Hujing, 1997; Levin, 
2002).  That the head angles in the Pack configuration were significantly more upright 
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across the establishment of upright posture ballasts this position, given that this 
configuration is identical to the Vest with the exception of 23.0 additional pounds placed 
on the upper back.  The increase in Field of Regard Loss (relative to upright stance) in the 
Helmet and Vest compared to the Weapon and Pack configurations provides further 
support to this notion (see Figure 5.7).  While the Field of Regard Loss metric is based on 
head orientation and postural configuration (vertical position of the head) and does not 
incorporate the effects of increased fluctuations at the head during dynamic movement 
(Zhang et al, 2008), it does provide a consistent measure that reflects what it means to 
orient towards the environment at a distance.   
In addition to the changes in head angle and Field of Regard Loss that 
demonstrate the reduced orienting capability of the participants while wearing personal 
protective equipment; head-trunk coordination dynamics supporting the capability of the 
visual system were also negatively affected.  Significant reductions in the orienting 
coordination patterns for the entire event between the Weapon / Helmet (~80% for both) 
and Vest / Pack configurations (~75% for both) were found.  Additionally, the reduced 
standard deviation in the Vest configuration (Table 5.4 and Figure 5.8) demonstrates 
fewer available head-trunk coordination patterns; a reduction that may impact 
adaptability and flexibility while establishing upright posture.  This finding is similar to 
that observed in the Time to Establish measure.  Together, the reduced variability in the 
temporal (Time to Establish) and spatial (Orienting coordination patterns) measures 
provide strong evidence that asymmetrically-loaded equipment has significant 
consequences for the ability for orientation towards the environment at a distance during 
establishment of upright posture.  This is clearly demonstrated as the variability in the 
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orienting coordination pattern in the Pack configuration did not decrease in a manner 
similar to the Vest configuration (Figure 5.8), as it did in the Time to Establish measure.  
As with other evidence discussed above, this suggests that limitations to the adaptability 
of the system are related to the asymmetric distribution of load on the subjects.  
5.4.2  Load Asymmetry and Regulation of Postural Progressions  
Perhaps the strongest indication that asymmetric load distribution (Vest 
configuration) creates significant challenges in establishment of upright posture comes 
from the measures of the underlying regulation in the CoPr frequency analysis.  The shift 
to increased power in the underlying fluctuations occurs in every frequency bin from 3.5 
– 11.5 Hz (Figure 5.10) in the Vest configuration, reflecting an increase in the energy 
dissipation across spatio-temporal scales in the system.  While these findings support 
Hypothesis 2 (a shift to higher frequency and power with load), the bi-modal distribution 
pattern observed in the CoPr frequency spectrum provides additional insight into the 
underlying dynamics.  The observed shift to higher mean frequency and greater power 
within each frequency bin is achieved via a greater degree of “filling in” across the 
frequency spectrum below 11 Hz (Figure 5.11) in the Vest configuration.  The bi-modal 
distributions and lower power suggest that less regulation is required when the loads are 
less heavy and more symmetric (e.g. result from processes primarily at two scales).  The 
“filling in” and increased power observed in the heavier and asymmetric load (Vest), 
suggests a transition to greater interaction dynamics between atomistic processes 
supporting establishment of upright stance (e.g. 1/f dynamics; Bak, 1996).  These results 
also suggest that increasing recruitment of the smaller scale DoFs (non-segmental) within 
the existing coordinative structure to dissipate the energy is necessary while establishing 
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upright posture in asymmetric configurations (e.g. in a manner not compromising the 
coordinative structure via higher frequency fluctuations).  The increased quantity and 
power of atomistic fluctuations in the Vest condition however, may also suggest that the 
system is approaching the boundaries of a phase transition as its ability to dissipate 
energy within the landing synergy moves towards some critical point.  
The additional “filling in” across intermediate frequencies (3.5-11.5 Hz) observed 
with increased load (Vest and Pack conditions) compared to the relatively unloaded 
conditions (Weapon and Helmet) suggest that increased fluctuations are required to 
regulate the additional inertial and interaction forces produced by the added mass of the 
equipment and its specific distribution within the coordinative patterns required to 
establish upright posture without taking a step.  Moreover, the trend towards significance 
between the Vest and Pack in this bi-modal distribution percentage (Vest: 41.25%; Pack: 
60.23%) and difference in total power (Vest: 1.14 ± 1.0 mm2; Pack: 0.37 ± 0.3 mm2) 
again demonstrate that the more asymmetrically loaded condition requires increased 
regulation, despite being 23.0 pounds lighter.  That this “filling in” occurred to some 
degree in all configurations (almost 25% in the Weapon only configuration; Table 5.5) 
should not detract from the findings, as  it is known that changes in kinematic 
organization upon contact (e.g. initial conditions of trunk lean, knee, flexion, ankle 
stiffness) affect the biomechanics and coordination during landing (Kulas et al., 2008).  
The reduction in the bi-modal distribution percentage in the Vest configuration suggests 
that increased constraints on the postural affordances for landing exist in this condition 
(e.g. initial conditions of the system upon contact and throughout the movement).  While 
these fluctuations can be viewed as the necessary increase in regulation across scales for 
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maintenance of the landing pattern, there is also reason to believe they may have 
significant consequences for the integration of intentional dynamics while establishing 
upright posture from dynamic movement under physically-coupled loads.  
The intentional constraints of establishing upright posture “without taking a step” 
precludes what may naturally emerge as more energy is pumped into the system; a 
bifurcation to stepping or locomotion as a means to dissipate energy.  When stepping is 
not allowed, increased fluctuations across frequencies (“atomistic fluctuations”) within 
the same qualitative state appear and may make it more difficult to integrate supra-
postural dynamics into the establishment of posture under these conditions (Haken, 1985; 
Kelso, 1995; Zhang et al., 2002).  Additionally, these increased fluctuations at the base of 
support provide information via the haptic flow fields as the system approaches the 
critical boundary when a step must be taken, or the subject will fall (Haddad et al., 2007; 
Riccio, 1993; Van Emmerik, 2007).  These fluctuations are considered both exploratory 
and performatory (Reed, 1982; Riccio, 1993), and provide information about the 
velocity/acceleration vector flow toward the physical boundary (Haddad et al, 2008; 
Riccio, 1993).  Observations in postural regulation using time to contact stability 
boundaries, in fact, suggest that the system is very sensitive to these informational 
variables, and that they are modified within the context of the task itself (Haddad et al., 
2007; Hasson et al., 2008, 2009).    
With regards to underlying regulation, the frequency of the second peak (10.96 ± 
2.1 Hz) is within the range of physiological tremor specifically demonstrated as being 
involved in the regulation of movements (Aizerman & Andreyeva, 1968; Chernov, 1968; 
Greene, 1972; Riccio, 1988; Van Emmerik. 2007).  This ~10 Hz oscillation has been 
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related to autonomous ‘control’ strategies where the local expediencies (motor neuron 
pool) bias the amplitude of a ‘descending 10 Hz signal’ in the direction of intended 
movement without the need for executive control (Greene, 1972).  While this 
phenomenon has not been isolated in the CoPr signal so closely to the values given in the 
literature about the joint / antagonist level (10 Hz, Aizerman & Andreyeva, 1968; 
Chernov, 1968), the 10.96 ± 2.1 Hz peak in the bi-modal frequency distribution found 
across configurations strongly suggests an underlying ‘mechanism’ for movement 
regulation.  In fact, Aizerman and Andreyeva (1968) have suggested (and demonstrated) 
this phenomena as a fundamental strategy for “finding or maintenance of a certain found 
pose”  that “could explain in general features simple forms of maintenance or 
equilibrium or vertical posture” without the need for specific signaling to individual 
muscle groups (e.g. a decentralized control strategy).  Aizerman and Andreyeva’s (1968) 
approach to the problem of decentralized regulation is similar to the Equilibrium Point 
Hypothesis and the use of spatial reference frames for transitions of posture (Feldman, 
1995).  Upright posture, in this case, becomes the frame of reference for the system and 
the change from the bimodal frequency distribution in the Vest configuration may be 
considered an emergent shift from this ‘simple search mechanism’ (Aizerman & 
Andreyeva, 1968) to more complex dynamics (1/f; Bak, 1996; Leibovitch, 1998) under 
heavier and / or more asymmetric loads. 
5.4.3 Expanding the Ecological Approach for Protective Equipment Analysis 
While the findings above provide evidence that the addition of soldier equipment 
to the human system significantly reduces its postural affordances for perception-action 
coupling, a potential limitation must be addressed.  Despite the instruction not to land as 
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fast as they could, it is possible that placing participants in this type of equipment 
changed their intentional dynamics to some degree, given their background in the 
military and general urgency during training and combat.  While the effects of the 
configuration weight and distribution on the stiffening across the system necessary to 
achieve a similar kinematic pattern during this transition to upright posture can not be 
underestimated, the ‘non-instructed’ intentional dynamics of the participants may also 
play a role in the current findings.  Few studies that examine landing have concerned 
themselves with the temporal nature of establishing posture, and none of them have used 
load as the independent measure while examining the event as a potentially nested task 
(e.g. landing for something); thus future efforts are necessary to determine the degree to 
which intentional dynamics may potentially confound the findings herein (e.g. landing 
using non-soldiers in soldier equipment or similar participants using non-soldier 
equipment). 
This initial ecological task analysis demonstrates that the consequences of 
wearing equipment on perception-action coupling are non-trivial and exist across the 
system at the level of task, coordinative, and underlying dynamics.  These consequences, 
however, must be balanced with the reason why protective equipment is worn in the first 
place (protection from environmental threats) and this analysis must now be expanded to 
encompass broader contexts in which establishing posture is a subordinate event (e.g. the 
full dynamics of the task; Kelso, 1995).  Even the addition of a 3.5 pound helmet 
substantially reduced the postural affordances for visual perception at the level of task 
dynamics (head angles, Field of Regard Loss).  The current approach of providing more 
protection via body armor and equipment to soldiers (in excess of 90-110 lbs. for the 
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average infantryman; U.S. Army Report, 2009) may gain support when individual 
technologies are tested against specific threats; but that does not mean that soldiers are 
more survivable in the dynamic environment in which they must perform.  The need to 
“fight” the intrinsic dynamics under load during more contextualized tasks (threat 
identification, dynamic marksmanship, etc.) suggests that both the weight and 
distribution of load needs to be addressed to optimize survivability.  This is especially 
true if the load constrains the DoF necessary to dissipate energy from the system required 
for dynamic visual acuity (head and trunk flexion), allow the propagation of significant 
energy to the head and visual organs (Zhang et al, 2008), or cause bifurcations that 
preclude immediate performance (emergent steps, stumbles, and falls).   
Ecological task analysis provides an approach to understanding the consequences 
of protective equipment on survivability “across levels of the system” that can not be 
ascertained by traditional biomechanics or assessment at a single level of analysis.  
Examination of these consequences for prospective control of movement offers a rich 
vein that broadens the Ecological approach, tests its theoretical underpinnings in applied 
research, and provides desperately needed knowledge for those encumbered by 
equipment in critical situations.  This is especially important given the critical situations 
in which soldiers find themselves, where every fraction of a second may be important for 
their survival.  Ecological task analysis not only provides more meaningful information at 
the applied level, using realistic configurations and contexts by those who wear personal 
protective equipment; but raises fundamental questions regarding the basic research 
required to understand how physically-coupled load affects the ability to perceive that 
which is afforded in the animal-environment system during  broader tasks performance 
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(Adolf & Berger, 2006; Pagano & Turvey, 1995; Proffitt et al., 1995),  changes to action-
scaled affordances (Fajen et al., 2008), and the fundamental consequences of mechanical 
load distribution across the neuro-mechanical field during dynamic movement (e.g. 
Biotensegrity; Ingber, 2008; Levin, 2002; Scarr, 2010; Turvey and Fonseca, 2009; Yahia 
et al., 1992). 
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CHAPTER VI 
STUDY 2; DYNAMIC MARKSMANSHIP 
Abstract: 
Understanding constraints on postural-focal relations helps determine their consequences 
on functional capability during activities of daily living.  For those wearing protective 
equipment, these capabilities are related to their survivability.  This study assessed the 
constraints of protective equipment and posture on dynamic marksmanship using realistic 
loading of the torso and extremities while firing at two targets.  Protective equipment 
degraded task performance (speed-accuracy), disrupted segmental and end-effector 
relations, and constrained postural-focal interaction.  Different postures contributed to 
these findings, as final positions requiring head extension (those required to shoot High 
Targets) appeared to destabilize posture by increasing stochastic fluctuations into 
postural-focal dynamics.  The consequences of equipment were not captured by the 
overall weight alone, as “lighter” loads on the extremities further degraded precision 
visuo-motor performance.  This initial effort to understand the effects of equipment 
during realistic, goal-oriented tasks provides insight into the relations between different 
levels of movement organization, and demonstrates the feasibility of using a multi-level 
approach in complex task analysis. 
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“On the field of battle man is not only a thinking animal, he is a beast of burden. 
He is given great weights to carry. But unlike the mule, the jeep, or any other carrier, his 
chief function in war does not begin until the time he delivers that burden to the 
appointed ground. It is this distinction that makes all the difference. For it means that the 
logistical limits of this human carrier should not be measured in terms of how much 
cargo he can haul without permanent injury to bone and muscle, but what he can endure 
without critical, and not more than temporary, impairment of his mental and moral 
powers. If he is to achieve military success and personal survival his superiors must 
respect not only his intelligence but also the delicate organization of his nervous system.” 
S.L.A Marshall, 1949 (emphasis added) 
Soldier Load and Mobility of a Nation 
6.1 Introduction 
In 1608, DeGheyn observed the establishment of marksmanship postures by 
musketeers, amazed by their precision and apparent consistency with which they 
transitioned between postures (Meijer, 2001).  Precision performance and the ability to 
successfully marshal the many degrees of freedom into a singular functional act remains 
a primary area of research in motor control.  Marksmanship, specifically, has been used 
to examine interactions of postural regulation, focal movement, and vision under the 
constraints of precision performance (Aalto et al., 1990; Goodman et al., 2009; Jannelle 
et al., 2000; Seashore & Adams, 1933; Zatsiorsky & Aktov, 1990).  Work by Arutyunyan 
et al. (1968, 1969) during pistol marksmanship provided some of the earliest empirical 
support for Bernstein’s conceptualization of movement as a functional structure 
(Bernstein 1935, 1967), demonstrating the distributed nature of co-occurring corrections 
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among the many degrees of freedom for goal-directed action.  Since this early evaluation 
of a functional aiming synergy (Arutyunyan et al., 1968, 1969), empirical support for the 
simultaneous relations necessary to achieve goal directed action has been demonstrated 
between segments (Scholz et al., 2000), muscle groups (Hodges et al, 2001; 
Krishnamoorthy et al. 2003), force patterning (Latash et al., 2002), and between nested 
synergies themselves (e.g. postural-respiratory synergies, Gurfinkel, et al., 1971; and 
whole body reaching, Ma & Feldman, 1995, Kaminski, 2007).  
The growing emphasis in motor control and biomechanics on segmental relations 
and constraints of task performance has led to research on many precision tasks; 
including darts, archery, and baseball throwing (Kudo et al., 2000; McDonald et al., 
1989; Stuart & Atha, 1990).  As first observed by Bernstein during his studies of laborers 
in the 1930s, humans make use of their many degrees of freedom in different ways within 
task constraints to achieve the desired goal (Bernstein, 1967; Feldman, 1986).  This 
ability to maintain the functional goal of the task while varying the means by which it is 
achieved affords the system the flexibility and adaptability required to meet task demands 
under many different environmental and context specific conditions (Hsu et al. 2007; 
Latash, 1993; Palmer et al., 2012a; Scholz & Schöner, 1999).  As constraints are added, a 
reduction in this adaptability is often seen in the form of reduced variability in Center of 
Pressure (CoP) patterns or segmental phase relations (Van Emmerik, 2007; Seay et al., 
2011).  This reduction in the functional adaptability of the system can be observed 
despite the achievement of equifinality in goal-directed performance via reductions in 
segmental coordination variability, and provides insight into the consequences of various 
constraints on task performance. 
 208 
 
Marksmanship research has primarily been of static nature, often with regards to 
postural sway and end-effector variability on target (Alto et al. 1990).  Many efforts have 
shown that variability of the rifle or its aim point on the target is systematically related to 
postural sway, and that experts are better able to integrate the focal - postural dynamics in 
order to minimize the effects of postural sway on precision performance (Era et al., 1996; 
Zatsiorsky & Aktov, 1990).  Despite all the historical work in marksmanship, there exists 
limited research on the evolving segmental relations or postural-focal interactions while 
establishing marksmanship postures (moving the end-effector from initial to final 
position).  Moving to a more dynamic assessment of marksmanship performance may 
provide expanded insight into the emerging regulation of human action and the postural-
focal interaction necessary for precision performance under a variety of constraints.  
Examining the constraints of segmental loading and the establishment of more 
challenging postures can help fill this gap in the existing research.  Moreover, it provides 
significant insight into the problem of soldier load with regards to this critical task 
relevant to soldier survivability.   
Existing work on dynamic marksmanship has examined segmental relations in 
highly constrained postures (Scholz et. al, 2000) or has not examined segmental relations 
or postural-focal interactions during the rapid establishment of marksmanship postures 
(Frykman et. al, 2010; Tharion & Obusek, 1991; Williams & Walmsley, 1991).  
Understanding the establishment of whole-body precision postures during marksmanship 
has never been at the center of the research questions in these efforts, so there is no data 
to help understand the potential consequences of load on the coordination patterns 
involved.  For soldier survival, it is important to understand more than the speed-
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accuracy trade off in limited postures and equipment configurations or accuracy during 
static marksmanship training.  A more complete and realistic account must examine 
dynamic marksmanship under a variety of loads and postures when soldiers’ lives are in 
jeopardy.  It is in these critical situations, where soldiers must rapidly establish postures 
for precision under various loads, that the limitations of the coordinated functional 
movement and consequences of physical load are best understood.  Human movement 
must integrate into the emergent inertial and interactive forces generated during postural 
transitions (Bernstein, 1996; Fowler et. al, 1981) in order to achieve the precision 
performance necessary for one’s survival in combat.  Modern soldier load exceeds 90 
lbs., has increased significantly since 2004, and is heavier now than ever before (Figure 
6.1: U.S. Army AWG Report, 2006).  Given these weights and the increased inertial and 
interactive forces generated during rapid movement one might expect an increase in the 
between-trial variability of segmental relations to accompany reductions in performance; 
rather than the reduction in variability typically seen with increasing constraints on the 
system (Bernstein, 1935, 1967; Van Emmerik, 2007).  A complete accounting of the 
consequences of load on survivability in combat requires the assessment of and 
interactions between task performance, coordinative relations, and postural regulation 
while establishing different realistic postures for precision.   
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Figure 6.1: a) 2006 Soldier Load Weights: Worn column includes clothing items and 
integrated protection (e.g. knee pads); Carried items include all additional 
equipment (Vests, Helmet, etc); and Total is the sum of all loads. b) Grenadier 
carrying an exemplar total load required for his squad position. 
 
 
Changes in speed and accuracy provide a relevant metric as an overall measure of 
task performance.  Head, trunk, and gun relations while establishing posture and postural-
focal coupling during precision aiming (the more “static” phase of the task) directly 
relates to the overall goal so important for soldier survival.  It is expected that the 
addition of physical load and more challenging postures will result in more of the 
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postural dynamics being reflected in the focal performance during the fine aiming portion 
of the task, suggesting a system that is less able to make mutually compensatory 
adjustments across the marksmanship synergy.  Examination of the postural-focal 
coupling by calculating the Cross Mutual Information (CMI) between Center of Pressure 
(CoP) and Barrel Aim Point (B) time series may provide an initial understanding of the 
changes in global coordination dynamics under load and postural challenge.  CMI 
provides the degree to which the two signals relate to each other during the same task 
(Abarbanel, 1996; Jeong et al., 2001; Na et al., 2002), and a means to determine the 
degree of coupling between the postural and focal dynamics (Pompe et al., 1998).  It is 
suggested that the necessary increase in stiffness of the entire system to compensate for 
physically coupled load and more challenging postures increases the coupling strength 
between segments during the fine aiming phase of marksmanship, reducing the 
adaptability and flexibility of the marksmanship synergy.  A marksman with greater 
ability to mutually compensate for changes across the “field” (e.g. Arutyunyan et al., 
1968, 1969)  in order to maintain point of aim on the target would have lower average 
CMI, indicating increased coordination between global and focal dynamics in achieving 
the desired performance.  Finally, changes in overall postural regulation may provide 
generalizable insight into the constraints of load within certain postures, as well as the 
challenges of establishing different postures with the same load.  CoP variability has been 
used to evaluate the effects of different constraints on postural control (Hellebrandt et, al, 
1944; Sako et. al, 2004 ; Van Emmerik, 2007), and should provide initial insight into load 
constraints on postural regulation during the dynamics of establishing marksmanship 
postures. 
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It is the purpose of this investigation to gain an initial understanding of the 
constraints of load on postural-focal interaction in precision performance during dynamic 
marksmanship.  Loading the trunk (load carriage vests, backpacks), head (helmets, night 
vision goggles) and upper extremities (armor protection) will help determine the 
consequence of load and postural transitions that are relevant to precision performance 
for soldier survivability.  It is hypothesized that physical loading of segments via 
protective equipment (vests, armor, helmets, etc.) will increase the time to fire on targets, 
reduce the accuracy of fire, or both.  It is further hypothesized that postures required for 
higher targets (over the head) within each loading condition will further reduce task 
performance (Hypothesis 1: increased Firing Latency and reduced Accuracy).  Due to the 
additional inertial and interactive forces under load and the need to quickly attain the 
final posture for survival, increases in the between-trial coordination variability are 
expected between the head, trunk, and gun during postural transitions, unlike the 
reduction in segmental coordination variability typically seen with additional constraints 
(Bernstein, 1967; Latash et al., 2002).  Increases in the time between barrel cessation and 
trigger pull will further support this hypothesis, as it suggests that load or different 
postural transitions require more ‘quieting’ of the system during the precision aiming 
phase of marksmanship (Hypothesis 2: Increased Coupling Angle Variability in Head, 
Gun, Trunk relations between trials and increased Quieting Time during fine aiming 
following gross postural transitions).  Further, it is expected that the addition of physical 
load and more challenging postures will result in higher average Cross Mutual 
Information between postural (CoP) and focal (Aim Point) time series during the fine 
aiming phase of marksmanship, reflecting a less coordinated system (Hypothesis 3; 
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Increased CMI).  Finally, it is hypothesized that the consequences of load configuration 
and more challenging postures will increase the constraints on the ability to dynamically 
establishing posture and perform the whole-body precision task (Hypothesis 4: reduced 
CoP variability).  This approach provides a multi-scale assessment into the impacts of 
load and posture on establishing and maintaining postures for precision that are relevant 
to survivability of soldiers in combat.  Findings supporting these hypotheses suggest that 
load configuration and more challenging postures reduce the adaptability and capability 
of the system to achieve goal-oriented performance.  
6.2 Methods 
6.2.1 Participants  
Eight well-trained, male participants familiar with performing dynamic 
marksmanship tasks in military equipment were recruited for participation in the study 
(age: 35.6 ± 10.1 years, weight: 195.3 ± 28.2 lbs., height: 71.7 ± 2.5 in.).  Participants 
provided written informed consent following study approval via the Institutional Review 
Board at the University of Massachusetts Amherst.  Participants were free from injury, 
and had corrected or uncorrected vision to 20/20 or better. 
6.2.2 Experimental Set Up  
Seven infra-red reflective markers recorded 3D movement and were placed on 
participants’ head (3; forehead, left and right zygomatic process) and trunk (4; left and 
right acromion process, left and right greater trochanter). Additionally, nine markers were 
placed on the gun: a four-marker tracking cluster; three landmarks (barrel and two on the 
top necessary to produce aiming vectors); and two used to determine trigger pull (Figure 
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6.2).  Kinematic and kinetic data were collected simultaneously during calibration and 
movement trials using an eight-camera Oqus Motion Capture system (240 Hz; Qualysis, 
Gothenburg, Sweden) and a 60 x 120 mm AMTI force plate (240 Hz; Watertown, USA).  
Prior to attachment of retro-reflective markers, each subject leaned a table with sandbags 
while firing five times on each of two targets of the same dimensions, minimizing the 
sway on target in this supported position (Forward (FWD) and High (HIGH), Figure 6.3).  
These pre-movement trials effectively zeroed the gun for each subject, allowing an aim 
point to be accurately projected onto the target planes using Visual 3D. 
 
Figure 6.2: Gun Marker Set 
 
Figure 6.3: Experimental set up a) Low Ready was the initial starting posture for 
every movement trial and the final posture was determined by the target position. b) 
The Forward target location was in the positive anterior-posterior direction (A-P, y-
axis) from the center of the force plate, and the High Target was offset in the medio-
lateral direction (M-L, x-axis) and above the head (Z-axis; up-down). 
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6.2.3 Procedure 
Participants wore sneakers, shorts and tank tops during data collection.  During 
marksmanship trials, participants started with the gun below their waist (low-ready 
position, Figure 6.3a) in an upright static base of support.  Participants were instructed to 
start from a relaxed position on the center of the force plate, not change the position of 
their feet, and to shoot the center of the target indicated as accurately and quickly as 
possible.  The positions of these targets were specifically chosen to understand the 
consequences of establishing different postures from a common starting posture (the 
“low-ready” position).  While the High posture for marksmanship is common in real 
world scenarios, it has never been used during the study of marksmanship.  The targets 
were 2.3 cm in diameter, located 3.2 m from the center of the force plate (Figure 6.3), and 
subjects were told that only hitting the center ring of the target (~ 3 mm diameter) would 
be considered a hit.  This ring was colored green so that participants could easily 
discriminate it from the larger rings.  Targets and distances reflect those commonly used 
overseas when confined spaces preclude training on full-sized ranges.  This target 
arrangement was selected to replicate regular training conditions at approximately 65 m.  
Following a brief time of relaxed upright stance in the low-ready position (3-5 s), 
participants were instructed to begin movement towards the pre-assigned target when 
they heard the instruction “GO” and fire at the target as quickly and accurately as 
possible.  After firing on the target, participants were instructed to maintain the final 
position and continue aiming until instructed to shoot again at the same target (no less 
than 10 seconds).  This extended the time series available for analysis of Cross Mutual 
Information.  During a single visit, participants shot at both targets under each of four 
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load configurations (below) before moving to the next load configuration.  Targets were 
shot in blocks of ten trials, and the order of targets (2) and load configurations (4) were 
balanced across participants, who were able to take as much rest as they wanted between 
shots, targets, and configurations to minimize fatiguing effects (80 total shots). 
Dynamic marksmanship was conducted with four load configurations: Unloaded 
(UL)- gun only (10.3 lbs.); Standard (STD)- gun, vest, assault pack and helmet (82.33 
lbs.); Upper Extremity Armor (UE)- standard configuration plus four upper extremity 
armor plates attached to the forearms and upper arms of the participants (4.88 lbs. armor, 
87.21 lbs. total); and Night Vision Goggle (NVG)- standard configuration plus 1.5 lb. 
mock night vision system on the front of the helmet (83.83 lbs.).  The ballistic vest and 
assault backpack were filled with standard military equipment (e.g. ballistic plates, mock 
magazines, mock batteries, and rations) and distributed in accordance with operational 
practices.  Comparison of UL to STD configurations provides insight into the reduction 
in performance from the optimal performance conditions (UL) via torso loading.  The 
addition of the NVG and UE provide relevant comparisons for the effects of relatively 
small magnitudes of segmental loading on the head and upper extremity compared to the 
standard (STD) configuration. 
6.2.4 Data Processing and Analysis 
Data were processed using Visual 3-D software (C-Motion, Germantown, USA), 
and custom written software in MATLab (The MathWorks, Natick, USA).  Visual 3D 
was used to filter the Kinematic data (8 Hz low-pass) and create a three-segment model 
of each subject (head, trunk, & gun).  Kinematic data for the evaluation of sagittal, 
frontal, and horizontal angles of the head, trunk, and gun were calculated during each 
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trial, and were time scaled to 100% for use in Vector Coding analysis.  CoP and Barrel 
aim point data for analysis of average Cross Mutual Information during the static phase 
of marksmanship (barrel cessation plus five seconds, which always included trigger pull) 
was low-pass filtered (20 Hz) in order to allow evaluation of postural-focal relations that 
included large sways of the entire body as well as physiological tremor involved in 
postural control (Riccio, 1993) and precision aiming (Chernov, 1968; Aizerman & 
Andreeva, 1968).  Kinetic data for evaluation of the underlying postural dynamics (CoP 
SD) was band pass filtered (1.5 - 20 Hz) during the entire task so that large excursions 
were removed from the signal, allowing the underlying regulation in the CoP signal to be 
evaluated. All data were filtered using a 4th order, dual pass, zero lag, Butterworth filter. 
Shot vectors were created in Visual 3D using the position of the targets (4 retro-
reflective markers) and a projected vector from the 2 retro reflective markers on top of 
the gun onto the target plane (Figure 6.2).  Shot vectors provided the accuracy data as 
they provided the aim point time series and the instantaneous location of the aim point on 
the target plane at trigger pull.  Aim points were created in Visual 3D models via the 
projection of a unit vector onto an infinite plane defined by the four retro-reflective 
markers on the targets.  Firing Latency (FL) was the time from movement onset to the 
time participants pulled the trigger.  Movement onset was determined by the change in 
the first derivative of position of the CoP resultant (CoPr) from the initially quiet stance 
position associated with the anticipatory postural adjustments (APAs).  Time at trigger 
pull was the time when the vector distance between the trigger and magazine retro-
reflective markers reached its maximum value.  Accuracy (Acc) was determined by using 
the coordinates of the shot vector on the target plane at trigger pull, and was taken as the 
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absolute distance (mm) from the mean of the five pre-movement zeroing trials for each 
subject.  Accuracy of subjects from pre-movement trials was 2.98 ± 1.5 mm for the 
Forward target and 3.48 ± 2.3 mm for the High target, indicating the reliability of 
projecting the aim point onto the virtual target center using this technique.   
Coupling Angle variability of the segmental and end-effector relations (head, 
trunk, gun) during the dynamic establishment of posture was assessed via the variability 
in coupling angle using Vector Coding analysis (Figure 5.3 and Chapter 4, Section 2.4; 
see also Chang et. al, 2008).  Coordinative variability in coupling angles for all three axes 
(a = 3; x, y, and z) was assessed from movement onset to barrel cessation for the 
following pairings: gun-trunk, gun-head, and head-trunk.  The standard deviation of 
coupling angle was calculated using circular statistics (Batschele, 1981) across the ten 
trials for each load and posture condition at each of the normalized time steps during 
movement (n = 101).  The sum of the coupling angle variability for each axis was then 
calculated for each of the segmental pairings across the movement (the 101 normalized 
time steps), and the Coupling Angle variability was calculated as the sum of all three axes 
(see Figure 6.4).  This across-trials measure of Coupling Angle variability quantifies the 
directional changes in the performance manifold (e.g. does it grow or shrink) involving 
specific segmental relations from baseline performance.  Increases in the coordinative 
performance manifold with load in these pair wise comparisons will support the 
hypothesis that load ‘pushes’ coordination patterns from optimal relations found in the 
unloaded condition.  This approach allows us to quantify and understand the 
consequences of different loads on the postural transitions, across the three main 
Cartesian axes.  Barrel cessation was determined by taking the second crossing of the 
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velocity time series of the barrel marker at 1mm/sec after movement onset and before 
trigger pull 1 (Figure 6.5). Time between barrel cessation and trigger pull was computed 
directly from the above events identified in Visual 3D.  This provided an objective and 
reliable metric from barrel movement time series to determine Quieting Time (Tq; Figure 
6.5), and insight into the more static phase of marksmanship involving fine precision 
aiming.  
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Figure 6.4: a) Calculation of Coupling Angle (γ) variability for a single axis across 
movement trials. b) Graphical representation of calculation of Coupling Angle 
variability across the sum of all three axes (a = 3) and coupling angles during the 
movement trials (n=10). This calculation of variability across trials compresses the 
data available by a factor equal to the number of trials (ten) reducing the samples 
within subjects to one per condition; requiring a change in the statistical approach 
for this dependent measure (Section 6.2.5).  This exemplar graph is from Head-
Trunk Angle in the z-axis (up-down) for a single subject, and demonstrates a shift 
away from in-phase (1 degrees) as the task progresses.  
 
 
Figure 6.5: Exemplar barrel velocity time series from movement onset to trigger 
pull, and the determination of quieting time (Tq, from (2) – (3)). Movement Onset 
(1), Barrel Cessation (2), and Trigger Pull (3) events are all shown.  Coupling Angle 
Variability was computed over the dynamic movement from (1) to (2). 
 
Postural-focal coupling was determined using average Cross Mutual Information 
(CMI) between the CoP and Barrel aim point time series.  CMI was calculated for the 
epoch starting at barrel cessation and ending five seconds afterwards, which always 
included trigger pull (1200 data points).  As the instruction to participants included a 
second shot on the same target (not used in the analysis), this provides a time series with 
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consistent intentional constraints for evaluation despite the fact that the actual shot 
occurred somewhere in the middle of the epoch.  Average CMI was calculated for the 
CoP x-axis (CoPx) vs. Barrel aim point x-axis (Bx) and CoP y-axis (CoPy) vs. Barrel aim 
point z-axis (Bz).  In order to calculate CMI for the comparisons within axis for the high 
posture conditions, the Global Coordinate System (GCS) was rotated by -50 degrees 
(Figure 6.3b) about its axial axis (Z) so that the alignment of the medio-lateral axis (X) 
was parallel to the target plane (implemented via a custom written MATLab program).  
These comparisons provided the relationship between global postural movement 
(reflected in the CoP) and focal movement of the aim point on the target plane.  CoPy vs. 
Bz was examined to determine if A-P sway at the COP is reflected in vertical movement 
of the Barrel (z-axis) as might occur about an end effector attached to an inverted 
pendulum.  Mutual Information provides signal comparison that is neither linear nor non-
linear, as it is based in the relationship of the joint probability distribution function to the 
individual probability distribution functions of the two signals (Equation [6.1]; 
Abarbanel, 1996).  Essentially, every data point of one time series is compared with the 
data points from the other times series in order to determine the degree to which it 
provides information about the second signal (Figure 6.6, top).  This information is 
averaged for each data point, and the next data point is selected for the same purposes 
until the end of the time series is reached.  Average CMI is calculated by taking the 
average across the Mutual Information time series to provide insight into postural-focal 
dynamics and coordination changes due to Load in different Postures (Figure 6.6, 
bottom).   
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MI (X ; Y) = Σ Σ P(xi, yj) log i =1 j =1
n m P(xi, yj)
P(xi) P(yj)
[6.1]
 
 
Figure 6.6: Graphical representation of calculating average CMI between the CoP 
and Barrel aim point time series.  Every point in the Barrel time series is compared 
to every other point in the CoP time series via Equation [6.1] (top graphs).  The time 
series of cross mutual information is then averaged to get the average Cross Mutual 
Information (bottom right) for each trial.  
 
Underlying postural regulation under different loads and postures was assessed 
via CoP Variability using the standard deviation in the center of pressure resultant time 
series (CoPr SD) and was calculated from movement onset to trigger pull. 
6.2.5 Statistical Analysis 
While the data collected allow for comparisons between each combination of load 
and posture, not all comparisons are relevant to the research questions.  Two fundamental 
comparisons are of interest, the consequences of Load while establishing a given Posture 
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and the consequences of changes in Posture within a given Load.  For the Load 
comparisons within a Posture, the comparisons of interest are the differences between the 
Unloaded (UL) and Standard (STD) configuration, and the difference between the 
Standard configuration and each of the load configurations that add additional weight to 
the arms (UE) or head (NVG).  The second a priori comparison of interest is the 
differences due to establishing a different Posture (Forward; High) within the four Load 
configurations.  Repeated-Measures Analysis of Variance (RM-ANOVA) was used to 
evaluate Load configuration and Posture (as a function of target position) as within 
subject factors.  Given the research questions, two one-way fixed ANOVA models were 
used; one with Load as the fixed factor and the other with Posture as the fixed factor.  
The only exception to this use of ANOVA model for main effects was Coupling Angle 
Variability.  Due to the compression of data across trials (a factor of ten) only one 
measure for each subject is available for each condition, removing all variability within 
subjects.  This removal of within-subject variability makes the use of ANOVA 
inappropriate, so paired T-tests were used to determine main effects for total coordination 
variability.  Significance was set at α = 0.05 and trends towards significance were set at  
α = 0.10.  Given the novelty of approach, assessing the trend is important so that an 
overly conservative approach does not preclude insight for further research in answering 
these questions. 
When main effects and trends were found, post-hoc comparisons between load 
configurations were evaluated for significance using pair-wise comparison (T-tests), also 
reflecting a less conservative approach as this is the first application of analysis tools to 
such a paradigm.  Dependent measures included the following: Firing Latency and 
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Accuracy (task performance); Coupling Angle Variability and Quieting Time, 
(coordinative dynamics); and Cross Mutual Information and CoPr SD (underlying 
dynamics).  When the assumption of statistical sphericity was violated within the data, 
the larger p-value from the Huynh-Feldt and Geisser-Greenhouse techniques was used to 
determine significance.  While these corrections are generally considered too 
conservative, they provide the necessary prudence when assessing significance in non-
spherical data sets (Maxwell & Delany, 2003). 
6.3 Results 
6.3.1 Task Performance: Speed and Accuracy 
Main effects for Firing Latency (FL) were significant across load configurations 
for both the Forward and High postures (Table 6.1, Figure 6.7).  Post-hoc analysis for the 
Forward posture revealed significantly shorter FL for the UL configuration compared to 
all others, for the STD compared to the NVG, for the UE compared to the NVG, but no 
difference between STD and UE.  Post-hoc analysis for the High posture also revealed 
significantly shorter FL for UL configuration compared to all others, for STD compared 
to both the UE and NVG configuration, but no differences between UE and NVG.  Main 
effects for Firing Latency (FL) were significant across posture for the UE configuration, 
and a trend towards significance was observed in the UL configuration.   
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Table 6.1:  Firing Latency (s), Mean ± SD 
  
Load 
Main 
Effects p, 
(F, df) 
Unloaded         
(UL) 
Standard       
(STD) 
Upper 
Extremity 
Armor 
(UE) 
Night 
Vision 
Goggle 
(NVG) 
FWD Posture 
p < 0.001,      
(11.3, 3) 
3.07 ±      
0.92 
3.23 ±    
0.68* 
3.33 ±    
0.78* 
3.53 ± 
0.97*†‡ 
HIGH Posture 
p < 0.001,     
(11.8, 3) 
3.20 ±    
0.87b 
3.33 ±    
0.76* 
3.62 ± 
1.16*†a 
3.57 ± 
0.98*† 
* Significantly longer than UL within Posture,  p ≤ 0.036 
† Significantly longer than STD within Posture,  p ≤ 0.004 
‡ Significantly longer than UE within Posture,  p = 0.012 
a Significantly longer than FWD Posture, within Load (p (F, df) (p ≤ 0.001 (20.79, 1)) 
b Trend towards longer than FWD Posture, within Load (p (F, df) (p=0.067 (3.45, 1)) 
 
 
Figure 6.7: Firing Latency (FL) for Forward (FWD) and High targets (Mean ± SE)  
 
Main effects for Accuracy (Acc) were significant across Load for the Forward, 
but not the High posture (Table 6.2, Figure 6.8).  Post-hoc analysis for the Forward 
posture revealed that participants were significantly less accurate in the UE and NVG 
configurations compared to the STD and UL, and in the NVG configuration compared to 
the UE, but no less accurate in the STD configuration compared to UL.  Main effects for 
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Posture showed that Accuracy was significantly reduced for the High posture condition 
across all load configurations. 
Table 6.2:  Accuracy (mm), Mean ± SD 
  
Load 
Main 
Effects p, 
(F, df) 
Unloaded          
(UL) 
Standard       
(STD) 
Upper 
Extremity 
Armor 
(UE) 
Night 
Vision 
Goggle 
(NVG) 
FWD Posture 
p < 0.001,      
(8.96, 3) 
13.51 ±    
6.64 
14.18 ±    
7.52 
16.36 ± 
7.49*† 
18.22 ± 
8.93*†‡ 
HIGH Posture 
p = 0.489,     
(0.81, 3) 
26.21 ± 
11.14a 
25.61 ± 
11.41a 
27.09 ± 
12.86a 
26.81 ± 
10.85a 
* Significantly less accurate than UL configuration within Posture, p ≤ 0.003 
† Significantly less accurate than STD configuration within Posture, p ≤ 0.021 
‡ Significantly less accurate than UE configuration within Posture, p = 0.049 
a Significantly less accurate than FWD Posture, within Load (p ≤ 0.021, 8.71, 1) 
 
 
Figure 6.8: Accuracy for Forward (FWD) and High Targets (Mean ± SE).  Larger 
values represent less accurate performance as they are larger deviations from the 
center of the target.  
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6.3.2 Coordination Dynamics: Coupling Angle Variability  
No main effects for Head-Trunk Coupling Angle variability for Load were 
significant for the Forward posture, but a trend towards greater variability was found 
between the UL - STD and STD-UE pairings for the High posture (Table 6.3, Figure 6.9).  
Main effects for Gun-Head Coupling Angle variability for Load were significant between 
the UL and all other configurations for both the Forward and High postures, with less 
variability found in the UL configuration (Table 6.4).  Main effects for Gun-Trunk 
Coupling Angle variability for Load were significant only between the UL and STD 
configurations for the High posture, with greater variability in the STD configuration 
(Table 6.5).  
 
Figure 6.9: Load effects for Coupling Angle Variability in segmental relations 
during the movement phase of dynamic marksmanship from movement onset to 
barrel cessation 
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  Table 6.3:  Total Head-Trunk Coordinative Variability 
(Degrees), Mean ± SD 
 
Forward 
Target 
High      
Target 
P-value 
Posture 
Unloaded               
(UL) 
100.2 ±     
20.5 
115.5 ±       
25.8a 0.026 
Standard           
(STD) 
102.2 ±     
20.3 
127.7 ±       
22.7 *a 0.019 
Upper Extremity 
(UE) 
106.2 ±    
28.9 
118.3 ±         
18.6 †  0.174 
Night Vision Goggle 
(NVG) 
106.5 ±       
22.4 
128.7 ±        
27.6a 0.012 
P-value UL-STD 0.368 0.073  
P-value STD-UE 0.350 0.055  
P-value STD-NVG 0.157 0.480  
* Trend towards greater than UL Configuration 
† Trend towards less than STD Configuration 
a Significantly greater than Forward Posture 
 
Table 6.4:  Total Gun-Head Coordinative Variability 
(Degrees), Mean ± SD 
  
Forward 
Target 
High      
Target 
P-value 
Posture 
Unloaded               
(UL) 
114.5 ±     
9.0 
107.4 ±       
17.1 0.113 
Standard           
(STD) 
125.6 ±     
12.2 * 
121.2 ±       
16.7 * 0.302 
Upper Extremity 
(UE) 
125.7 ±    
16.7 * 
118.7 ±         
15.5 * 0.200 
Night Vision 
Goggle (NVG) 
124 ±       
8.0 * 
119.3 ±        
17.7 *a 0.089 
P-value UL-STD 0.020 0.011   
P-value STD-UE 0.496 0.345   
P-value STD-NVG 0.259 0.380   
* Significantly greater than UL Configuration Pr(T<t)≤0.049 
a Trend towards significantly less than Forward Posture 
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Table 6.5:  Total Gun-Trunk Coordinative Variability 
(Degrees), Mean ± SD 
  
Forward 
Target 
High      
Target 
P-value 
Posture 
Unloaded               
(UL) 
97.0 ±        
8.1 
111.6 ±       
18.3a 0.032 
Standard           
(STD) 
102.1 ±     
17.3 
121.9 ±       
16.6 *b 0.056 
Upper Extremity 
(UE) 
99.3 ±    
13.4 
121.0 ±         
14.1a 0.003 
Night Vision Goggle 
(NVG) 
97.4 ±       
14.4 
115.4 ±        
21.5b 0.068 
P-value UL-STD 0.117 0.007   
P-value STD-UE 0.298 0.2159   
P-value STD-NVG 0.135 0.1525   
* Significantly greater than UL Configuration 
a Significantly less than Forward Posture  
b Trend towards significantly greater than Forward Posture 
 
Main effects for Head-Trunk Coupling Angle variability for posture were 
observed for all but the UE configuration, with the High posture having significantly 
more variability (Table 6.3, Figure 6.10).  No main effects for posture in Gun-Head 
Coupling Angle variability were observed, although a trend towards significantly lower 
variability in the NVG configuration for the High posture was found (Table 6.4).  Main 
effects for posture were observed in Gun-Trunk Coupling Angle variability in the UL and 
UE configurations, and a trend towards significance was found for both the STD and 
NVG configurations (Table 6.5).  For all Gun-Trunk comparisons, greater variability was 
observed in the High posture.   
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Figure 6.10: Posture effects for Coupling Angle Variability in segmental relations 
during the movement phase of dynamic marksmanship from movement onset to 
barrel cessation.  FWD: Forward posture; UL: Unloaded; STD: Standard, UE; 
Upper Extremity; NVG: Night Vision Goggles.  
6.3.3 Quieting Time (Tq) 
Main effects for Quieting Time (Tq) were significant for Load in both the 
Forward and High postures (Table 6.6, Figure 6.11).  Post-hoc analysis for the Forward 
posture revealed no significant differences between UL and STD configurations, but 
significantly longer Tq in the UE and NVG compared to the UL configuration.  For the 
Forward posture, significantly longer Tq was also found in the NVG compared to the 
STD, and a trend towards longer Tq in the UE compared to STD (p = 0.055).  For the 
High posture, post-hoc analysis revealed significantly longer Tq in the UE and NVG 
compared to the STD configuration, but no significant difference between the UE and 
NVG configurations.  Main effects for posture were significant only for the UE 
configuration. 
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Table 6.6:  Quieting Time (s), Mean ± SD 
  
Load Main 
Effects p, 
(F, df) 
Unloaded         
(UL) 
Standard       
(STD) 
Upper 
Extremity 
Armor 
(UE) 
Night 
Vision 
Goggle 
(NVG) 
FWD Posture 
p = 0.0002,      
(6.82, 3) 
2.08 ±      
0.94 
2.13 ±    
0.70 
2.26 ±    
0.81*b 
2.42 ±     
1.01*†‡ 
HIGH Posture 
p < 0.0001,     
(9.59, 3) 
2.13 ±    
0.86 
2.21 ±    
0.68 
2.49 ±     
1.08*†a 
2.46 ±      
1.04*† 
* Significantly longer than UL, within Posture, p ≤ 0.004 
† Significantly longer than STD, within Posture, p ≤ 0.036 
‡ Significantly longer than UE, within Posture, p ≤ 0.036 
a Significantly longer than FWD Posture, within Load, p = 0.0008 (12.38, 1) 
b Trend towards significantly longer than STD, within Posture, p = 0.055 
 
 
 
Figure 6.11: Quieting Time (Tq) within Postures demonstrate the consequences of 
“smaller” loads on the extremities (arms and head) during the fine aiming phase of 
the task, but no consequences for the addition of larger torso loads (STD).  In both 
postures the added weight to the head (NVG) and arms (UE) significantly extended 
quieting time.  
6.3.4 Underlying Dynamics: Postural-Focal Coupling and CoP Variability 
No Main Effects for CMI were found between load configurations for either 
posture when comparing the CoPx - Bx time series (Table 6.7).  Main effects for CMI 
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when comparing CoPy - Bz time series between Load configurations trended towards 
significance in the Forward posture (Table 6.7, Figure 6.12), with Post-hoc analysis 
revealing significant greater CMI in all Load configurations compared to the UL 
configuration.  Main effects were significant for CMI when comparing CoPy - Bz time 
series between Load configurations in the High posture (Table 6.7, Figure 6.12), with 
post-hoc analysis revealing significant greater CMI in the UE and NVG compared to the 
UL configuration.  Post-hoc analysis also revealed a trend towards greater CMI in the 
STD compared to the UL configuration, as well as greater CMI in the UE compared to 
the STD configuration.  Main effects for posture were found in the CoPx - Bx time series 
in all but the UL configuration, with larger CMI for the High posture condition (Table 
6.7, Figure 6.13).  Main effects for posture were found in the CoPy - Bz time series in all 
but the UE configuration, with smaller CMI for the High posture condition.   
 
 
 
 
 
 
 
 
 
 
 
 233 
 
 
Table 6.7:  Center of Pressure (CoP) v. Aim Point (B) Cross Mutual 
Information (Bits), Mean ± SD 
  
Main 
Effects p, 
(F, df) 
Unloaded         
(UL) 
Standard       
(STD) 
Upper 
Extremity 
Armor 
(UE) 
Night 
Vision 
Goggle 
(NVG) 
FWD 
Posture     
CoPx - Bx 
p = 0.53,    
(0.73, 3) 
0.83 ±        
0.15 
0.82 ±               
0.16 
0.80 ±              
0.16 
0.84 ±           
0.17 
HIGH 
Posture   
CoPx - Bx 
p = 0.104,     
(2.08, 3) 
0.85 ±              
0.16 
0.91 ±          
0.17a 
0.87 ±          
0.18a 
0.91 ±           
0.18a 
FWD 
Posture     
CoPy - Bz 
p = 0.0764,      
(2.32, 3) 
0.85 ±        
0.12 
0.91 ±             
0.16† 
0.89 ±              
0.15† 
0.90 ±             
0.16† 
HIGH 
Posture    
CoPy - Bz 
p = 0.0087,      
(3.99, 3) 
0.78 ±        
0.114b 
0.82 ±          
0.15†b 
0.86 ±             
0.15*‡ 
0.85 ±            
0.13*b 
* Significantly greater than UL configuration, within Posture. Post-hoc p ≤ 0.002 
† Trend towards significantly greater than UL configuration, within Posture. Post-
hoc p ≤ 0.033 
‡ Trend towards significantly greater than STD configuration, within Posture p = 
0.053. 
a Significantly greater than FWD Posture, within Load, p ≤ 0.024 (5.34, 1) 
b Significantly less than FWD Posture, within Load,  p ≤ 0.047 (4.1, 1) 
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Figure 6.12: Cross Mutual Information (CMI) for the CoPy – Bz time series 
comparing configurations in the Forward (a) and High (b) posture conditions. Mean 
± SE.  In all cases, CMI was significantly greater (or trended towards significance) 
in the loaded configurations. 
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Figure 6.13: Cross Mutual Information (CMI) for a) CoPx – Bx comparisons 
between posture, within configuration and b) CoPy – Bz comparisons between 
posture, within configuration. Mean ± SE.  
 
 
Main effects for CoP Variability (SD) were significant across Loads for both the 
Forward and High postures (Table 6.8, Figure 6.14).  Post-hoc analysis revealed 
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significant greater variability in the UL compared to all other configurations for the 
Forward posture, but no differences between loaded configurations.  For the High 
posture, CoP variability was greater in the UL configuration compared to the STD and 
UE, with a trend towards greater variability in the UL compared to the NVG 
configuration (p = 0.056), and no significant difference between loaded configurations.  
Main effects for posture were observed only in the UL and UE configurations, with 
reduced CoP variability in the High posture conditions.  
Table 6.8:  Center of Pressure Variability (mm), Mean ± SD 
  
Load Main 
Effects p, 
(F, df) 
Unloaded         
(UL) 
Standard       
(STD) 
Upper 
Extremity 
Armor 
(UE) 
Night 
Vision 
Goggle 
(NVG) 
FWD Posture 
p < 0.0001,      
(14.63, 3) 
4.79 ±      
1.7 
3.53 ±        
1.4* 
3.78 ±        
2.1* 
3.74 ±         
1.7* 
HIGH Posture 
p = 0.0044,     
(4.5, 3) 
4.17 ±         
1.6a 
3.31 ±         
2.0* 
3.13 ±        
2.4*a 
3.67 ±      
2.7† 
* Significantly less than UL within Posture, Pr (T>t) ≤ 0.001 
a Significantly less than FWD Posture within Load, p = 0.0008 (12.38, 1) 
† Trend towards significantly less than UL within Posture, Pr (T>t) = 0.056 
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Figure 6.14: CoPr Variability (Mean ± SE) for the Forward (FWD) and High 
posture as a function of load configuration.  
 
6.4 Discussion 
Soldiers, Firefighters, and others must wear personal protective equipment to 
protect them from environmental threats (heavy boots, helmets, vests, breathing 
equipment, etc.), yet the consequences of this equipment in terms of functional capacity 
are poorly understood.  This research sought an initial understanding of the consequences 
of soldier load on the establishment and maintenance of different precision postures in 
critical situations using fundamental theories in motor control and a Bernsteinian 
perspective to provide an appropriate framework for interpretation.  A dynamic 
marksmanship paradigm was used to assess the consequences of Load and Posture on the 
relations between task performance (speed and accuracy) and segmental dynamics, 
postural-focal coupling, and underlying postural regulation.  Adding load and 
establishing more challenging postures was found to degrade temporal task performance, 
as longer Firing Latency was observed with additional load (Hypothesis 1).  Spatial task 
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performance was also degraded at the high posture for all loads, and with the addition of 
load to the head and arms within postures, as accuracy was reduced in these conditions 
(Hypothesis 1).  Increases in Coupling Angle variability with load in the High posture 
condition and longer Quieting Times with additional loads on the arms and head in both 
postures demonstrate the reductions in segmental coordination under load during the 
postural transition as well as the fine aiming portion of the task (Hypothesis 2).  Postural-
Focal dynamics were also found to be disrupted as Cross Mutual Information increased 
with added load (Hypothesis 3), suggesting that the functional degrees of freedom 
became more strongly coupled under physical load.  Reductions in CoP Variability with 
additional load and more difficult postures also demonstrate a reduction in the 
adaptability and flexibility of the system to perform dynamic tasks under the combined 
constraints of the task and physically-coupled load (Hypothesis 4).  Overall these 
findings demonstrate that the addition of load and the need to re-establish different 
postures have significant impacts on the temporal and spatial measures of precision 
performance that may be understood in terms of changing segmental relations and 
underlying dynamics of the system. 
6.4.1 Task Performance; Speed and Accuracy 
At the level of task performance, the addition of load to the unloaded participant 
increased the Firing Latency in both the High and Forward postures, as all loaded 
configurations had longer times than from unloaded configurations.  The addition of load 
on the head (NVG, 1.5 lbs) to the STD load resulting in longer Firing Latency for both 
postures, while the addition of extremity armor (UE, 4.14 lbs.) only increased Firing 
Latency in the High posture.  This suggests that loading the head has consequences for 
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temporal performance, regardless of posture and may be related to the interaction 
required by the head and eyes during precision aiming.  That the addition of load to the 
arms (UE) only increased Firing Latency in the High posture is likely related to the 
necessary movement of the end-effector to a higher vertical position than the Forward 
posture, supporting the notion that that placing “lightweight” protection on the arms also 
degrades the temporal performance during whole body precision performance.  These 
findings are in agreement with Frykman et al. (2010), who demonstrated that the addition 
of incremental loads on the torso increased Firing Latency during a dynamic 
marksmanship task for forward targets. Moreover, this is the first study to quantify the 
effects of lighter loads applied to the head or arms as well as dynamic marksmanship 
performance in other than forward postures.  This is important, as it suggests that 
quantifying load only in terms of total weight does not capture the effects of load on 
precision performance, and that the lighter loads carried by the head and arms (e.g. 
ballistic protection, helmets, and rifle weight) may be more important than the larger 
loads on the torso during precision marksmanship performance. 
Accuracy was also degraded by the constraints of load, but only at the Forward 
posture where participants were less accurate when additional loads were placed on the 
arms (UE) and head (NVG) compared to the standard configuration.  The finding that 
adding loads to the upper extremity is detrimental to accuracy is in agreement with Yuan 
and Lee (1996), who showed that participants were less accurate with small increases 
(1.76 lbs.) in the weight of the gun.  No differences were noted between unloaded and 
standard configurations for the Forward  posture, potentially because this configuration 
and posture are most common during dynamic marksmanship training and because 
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establishing the Forward posture requires relatively little re-orientation of the trunk and 
head.  These findings are in agreement with Tharion and Obusek (1999) and Frykman et 
al. (2010) who also observed no differences in accuracy between relatively unloaded 
conditions and those including weights on the trunk.  That the addition of the smaller 
masses to the extremities reduces accuracy has not been investigated before, but further 
supports the temporal data as it demonstrates that these loads further degrade task 
performance.  This is important as all previous marksmanship performance studies only 
examined changes in trunk load during establishment of the forward posture, for which 
there is little change in trunk or head orientation.   
That smaller loads on the arms (UE) and head (NVG) may be more relevant for 
precision performance is of practical significance, as these segments (and the gun itself) 
are often considered to be viable “real estate” for adding technology by Department of 
Defense engineers.  No reduction in accuracy was observed between load configurations 
for the High Posture, as participants were overall less accurate in the High posture within 
each load configuration.  This demonstrates that the change in posture has a substantial 
effect on task performance, and may be related to the manner in which participants are 
generally trained (e.g. flat ranges, with targets predominately at their same elevation, and 
little reorientation of posture required).  It may also be due to the increased challenge in 
establishing this specific high posture for precision performance while holding a heavy-
end effector and at the limits of head extension in the high posture (Johnson & Van 
Emmerik, 2012; Tharion & Obusek, 1999).  
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6.4.2 Segmental Coordination and Quieting Time 
Coupling Angle variability was used to understand the consequences of Load and 
establishment of different postures for precision performance across trials, and provides a 
good approximation of the overall performance manifold of trunk, head, and gun 
relations.  Generally, one expects to observe a reduction in the variability of segmental 
relations when constraints are added to the system, reflecting a reduction in the 
adaptability and motor abundance within those relations (Bernstein, 1967; Latash et al., 
2002; Van Emmerik, 2007).  At issue is whether or not this holds under contexts where 
physically coupled loads are large, and where the interaction and inertial forces generated 
during movements may result in greater variability in segmental coupling relations (a 
‘push’ from optimal phase relations).  Finding greater total variability using Vector 
Coding analysis with increased loads would suggest that these loads challenge 
neuromuscular control beyond that in the unloaded condition or different postures. 
The most consistent finding for the effects of Load on Coupling Angle variability 
is the increase observed in the High posture from the unloaded to the standard 
configuration with no further effects of additional loads to the arms (UE) or head (NVG).  
This finding was consistent for all three coupling relations, and was also observed for the 
Forward posture in the Gun-Head relations.  While not all findings reached the level of 
significance between the UL and STD configuration, no p-value exceeded 0.073.  This 
result suggests that the smaller loads on the arms (UE) and head (NVG) don’t create 
greater challenges to gross postural transitions beyond those seen in the standard 
configuration.  That these findings were only consistent for the High posture, when 
greater re-orientation of the head and trunk is required, is important as the few previous 
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efforts in dynamic marksmanship have examined only the Forward posture which 
primarily involves movement of the gun.  This suggests that inertial and interaction 
forces may drive the system from an optimal performance manifold (UL configuration) 
any time large postural transitions are necessary for precision performance under load 
(majority of realistic critical scenarios for those wearing protective equipment).  This 
supposition is further ballasted by comparisons between postures, as Coupling Angle 
variability was generally greater for the High posture compared to the Forward posture 
for coordinative relations.  The only exception was for the Head-Trunk in the UE 
configuration, in which no differences between postures were found.   
As opposed to the above findings of increased Coupling Angle variability for 
those relations involving the trunk, Gun-Head variability remained unchanged between 
postures with the exception of a trend towards reduced variability in the head loaded 
configuration (UE, Figure 6.9).  That Gun-Head Coupling Angle variability did not 
increase in the High posture similarly to those relations involving the trunk may be an 
important finding.  Considering that the trunk load was the largest mass, it may be that 
Gun-Head relations can be considered those not directly perturbed via this large load 
during postural transitions.  While no definitive conclusions may be drawn from these 
initial data, future efforts should consider these research questions in terms of those 
coordinative relations that are and are not “directly” perturbed by loads of this magnitude.  
While no differences in Quieting Time were observed between the unloaded and 
standard configuration for either posture, Quieting Time did increase when additional 
loads were added to the arms (UE) and head (NVG) for both postures (providing the 
trend between STD-UE for the Forward posture, p = 0.055, is considered sufficient for 
 243 
 
making this case).  This increase in Quieting Time supports the notion that adding load to 
the arms (UE) and head (NVG) disrupts the fine visuo-motor control required for 
precision aiming at the end of task performance (Yuan and Lee, 1986).  This disruption 
may be due to increased difficulty in establishing the finer Head, Gun, and Trunk 
coordination necessary to successfully gain an appropriate sight picture during aiming.  A 
difference in Quieting Time between Postures was only observed in the UE 
configuration, suggesting that participants had a more difficult time aiming the weapon in 
the final stages of marksmanship due to the need to orient the gun above a head level 
with additional weight on the arms.  These data suggests that segmental coordination and 
Quieting Time provide different but important information to understand the 
consequences of Load and Posture during precision performance.  Taken together, these 
findings support the hypothesis that the additional loads and postures place significant 
constraints on the ability of the neuromuscular system during dynamic marksmanship 
performance.  Heavier loads added to the trunk (STD) and addition of smaller loads on 
the arms (UE) and head (NVG) both appear to challenge the capacity of neuromuscular 
control of inertial and interactive forces, albeit within different scales and phases of the 
overall task. 
 
6.4.3 Postural-Focal Coordination and Underlying Regulation 
While no change in CMI was observed for the CoPx-Bx comparisons within 
Posture, increased CMI with the addition of load was significant or trended towards 
significance in the CoPy-Bz within both Postures.  This supports the hypothesis that the 
constraints of load increase the coupling strength and interactions across the neuro-
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mechanical field in a way that reduces task performance (reduced Accuracy and 
increased Firing Latency).  This finding can be related to the Principle of Least 
Interaction (Gelfand et al., 1971; Turvey, 1990) and the perspective that loosely coupled 
systems are best able to achieve performance via the autonomy provided by the local 
exigencies at lower levels of the neuro-mechanical system (Greene, 1972, 1982; Simon, 
1969).  The increased coupling under load is suggested to promulgate through the body 
via the muscles and fascia from the macro to micro scale of the system (Huijing, 1997, 
2002; Ingber, 2008), affecting the afferent state of affairs via embedded receptors in both 
muscle and across distributed myo-fascial lines of force (Hujing & Bann, 2003; Yahia, 
1992).   This increased “stiffness” disrupts local and non-local neuro-mechanical 
coupling relations by coupling them “too strongly”, thereby constraining the distributed 
functional capabilities of the system.  In essence, this coupling increase away from the 
optimal UL configuration effectively removes some portion of the inherent redundancy 
underlying motor abundance (Latash, 2012).  From a Bernsteinian perspective, the data 
suggests that the addition of load to the body increases the Level of Tone across the 
system (Bernstein, 1996), thereby increasing the strength of coupling relations and 
reducing the sub-systems autonomy to flexibly maintain the marksmanship synergy.  The 
lack of additional changes with the addition of smaller loads for the CoPy-Bz comparison 
(with one exception, STD v. UE High) suggests that only the larger loads induce the 
increased coupling at the Level of Tone or that that smaller loads do not have 
consequences for coupling strength at the Level of Tone.  The data from task 
performance, Coupling Angle variability, and Quieting Time suggest that the former is 
more likely, and that the consequences of smaller loads on the coupling relations are 
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better reflected in non-Global measures of segmental coordination.  The lack of findings 
within Posture for the CoPx-Bx comparisons may be due to the morphological constraints 
at the ankle in the medio-lateral direction and the additional constraints of the task itself.  
Increased CMI between Postures (within configurations) were observed in the 
CoPx-Bx comparisons for all but the UL configuration, supporting the hypothesis that the 
High Posture increases the constraints on the system and increases the strength of the 
coupling relationships further.  For the CoPx-Bx comparisons, it is suggested that 
instruction to maintain a static Base of Support (oriented toward the Forward target) in 
the High posture further reduced the available range of motion and segmental degrees of 
freedom in the medio-lateral direction, pushing the system to a more deterministic 
relationship between Postural-Focal dynamics (a higher CMI).  Alternatively, and 
contrary to hypotheses, the CoPy-Bz between Posture analyses revealed a significant 
reduction (or trend) in the CMI at the High Posture for all loads.  This finding clearly 
does not support the notion that the Postural-Focal dynamics become more strongly 
coupled and deterministic (higher CMI) at the High Posture, and the outcomes from the 
Mutual Information formalism must be discussed further.  Mutual Information between 
two signals derives from Shannon’s Information Theory (Shannon, 1948), and is related 
to the Shannon Entropy measure often used in time series analysis to examine the 
complexity of a system (Lipstiz, & Goldberger, 1992; Goldberger et al, 2002).  Mutual 
information provides a measure of the relation between two signals from Brownian 
motion (no Mutual Information) to a completely deterministic relationship (high Mutual 
Information).  Recent arguments regarding these measures of information and Shannon 
entropy include the insight that neither end (Vaillancourt & Newell, 2002, 2004) of this 
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continuum may reflect the complexity related to an adaptable and flexible biological 
system.  A shift from some “optimal” measure of complexity in either direction may be 
detrimental to the performance of the system; one direction becoming more deterministic 
(more mechanical) and in the other direction becoming more stochastic (Figure 6.14).  A 
delicate balance of deterministic and stochastic processes reflected in time series is 
thought to underlie the very notions of non-deterministic systems able to easily shift from 
one dynamic trajectory to another, reflecting the complexity and basis for flexible 
biological systems (Conrad, 1986; Duarte & Zatsiorsky, 2000; Riley & Turvey, 2002; 
Zbilut et al., 1996).  
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Figure 6.15: Graphical representation of suggested relationships between Mutual 
Information and Complexity in biological systems. Determination of the Optimal 
range (A) of complexity via measures of information or entropy is the goal of human 
movement scientists and must be in relation to specific goals of the system, less the 
comparison and shift be arbitrary and not goal-directed (Vaillancourt & Newell, 
2004).  This representation provides the simplest of examinations of what is at issue 
in using non-linear tools involving information theory (Goldberger et al., 2002; 
Vallaincourt & Newell, 2004), but does provide a fundamental basis for further 
examination using additional tools available.  
 
Within this framework, a shift from the CMI in the UL configuration in either 
direction could be related to reduced performance.  In the present data, all spatial and 
some temporal measures of Task performance (Accuracy and Firing Latency) were 
degraded at the High Posture, despite the reduction in CMI.  This may suggest that the 
consequence of load configuration within posture is one of increasing determinism 
(greater CMI) while changing to a High posture introduces additional stochasticity into 
the dynamics (reduced CMI).  This relationship may be conceptualized in terms of 
“stronger” coupling relations between interacting degrees of freedom and “weaker” 
coupling relations between degrees of freedom with changing posture from the optimal 
relationship for performance (UL configuration, Forward posture).  In the forward 
posture, greater ‘freezing’ of degrees of freedom may emerge as a result of the 
constraints (increased CMI, CoPy-Bz), while greater fluctuations at the higher posture 
represent the inability to ‘freeze’ the degrees of freedom and random fluctuations induced 
by the combination of load and posture (reduced CMI, CoPy-Bz), interfering with task 
performance.  This position may be further supported when one considers that the High 
posture requires the participant’s head to be in a position of extreme extension relative to 
the trunk.  This segmental relationship has been shown to reduce postural stability 
(reduced Time to Contact stability boundaries) and increase the CoP velocity during 
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movement and static upright posture (Johnson et al., 2010; Johnson & van Emmerik, 
2012).  It is appropriate to suggest that that the combined constraints of load, precision 
task perforce, and the postural requirement for extreme head extension at the high target 
contributes to the reduced CMI observed in the CoPy-Bz time series. That load effects 
within both postures resulted in increased CMI supports this proposed ‘freezing’ effect, 
and can be related back to principles of least interaction (Gelfand et al., 1971).  While 
these data can provide the basis of such an argument; additional analysis is required using 
a variety of tools to examine the relationship between postural-focal dynamics using 
information-theoretic measures of complexity (Goldberger et al, 2002) for a more 
comprehensive understanding of the deterministic and stochastic processes that underlie 
performance reduction observed (e.g. Multi-scale Entropy, Cross Recurrence Analysis, 
etc; Costa et al, 2003; Riley & Turvey 2002).    
Reductions in the CoP standard deviation while establishing both the Forward and 
High postures support the hypothesis that the addition of load increases the constraints on 
the system during this transition.  That no further reductions in variability were observed 
when load was added to the arms (UE) or head (NVG) suggests that it is movement of the 
larger masses that most constrain postural transitions.  This finding is similar to those of 
Hellebrandt et. al (1944) and Sako et. al (2004), who demonstrated that adding additional 
loads via backpacks during upright posture decreases postural sway during quiet stance.  
The importance of the current finding is its extension to gross postural transitions 
involving significant re-orientation of the segments.  This suggests that this measure may 
be sensitive enough to examine the constraints of load under more dynamic and 
unconstrained performance where it would be difficult to hypothesize which equipment 
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configuration would be most challenging to establishing a given posture.  This finding is 
less robust between postures, as reductions in CoP standard deviation from Forward to 
High postures were only observed in the UL and UE configurations.   The finding in the 
UL configuration suggests that the establishment of the High posture is more challenging 
than the Forward.  Finding the same for the UE configuration, but not for the STD 
configuration is less straightforward, but it may be that the additional weight on the arms 
is more relevant to the High posture than the load on the Torso.  Certainly the 
examination of these different load manipulations across different postures (e.g. high, 
low, forward targets) may reveal a more systematic pattern and better understanding of 
how segmental loading may be revealed during different postural transitions.   
6.5 Conclusion 
The use of a dynamic marksmanship task extends previous research in precision 
performance and motor control (Aalto et al., 1990; Scholz et al., 2000; Tharion & 
Obusek, 1991; Zatsiorsky & Aktov, 1990) and provides a realistic and novel approach to 
understanding the relations between goal-directed performance and those that underlie 
that performance.  The findings contained in these data support the hypothesis that load 
and posture both constrain the functional capabilities during realistic task performance, 
and may be understood via analysis of segmental coordination and underlying postural 
control.  Specifically, marksmanship performance was reduced along spatial and 
temporal measures with heavy loads on the torso, further degraded with smaller loads on 
the arms and head, and for all loads at higher postures.  These reductions in task 
performance were associated with greater between trial coordinative variability between 
the Head, Trunk, and end-effector, and longer quieting times.  This suggests that reduced 
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task performance emerges from the additional inertial and interactive forces that must be 
controlled within functional performance manifolds during the gross postural transitions 
as well as the fine aiming phases of the task.  Reductions in CoP variability and increased 
cross mutual information (CMI) between postural (CoP) and focal (aim point) dynamics 
with the addition of load and more challenging postures underscore the severity of 
constraints during this dynamic task and suggest an immobilization of the functional 
degrees of freedom necessary for optimal performance.  While initial findings will 
always benefit from additional analysis, these clearly demonstrate the negative 
consequences of different loads to a ubiquitous task that impacts soldier survivability.  
Moreover, this initial analysis provides the intended insight into the necessary next steps 
in empirical research as well as the need to further refine and develop tools that allow 
access to specific coordinative relations when movement involves whole body postural 
transitions.   
From a practical perspective, this effort provides significant new insights into the 
consequences of load on postural transitions necessary for soldier survival.  Previous and 
ongoing approaches to understanding the consequences of load within the Department of 
Defense (DoD) are primarily aimed at finding a “threshold load” at which performance 
decreases substantially, and have primarily used individual joint analysis, ground reaction 
forces, and oxygen consumption measures during locomotion to do so.  Shifting the 
research focus to goal-oriented tasks related to survivability, examining functional 
coordinative relations to task performance, and understanding that smaller loads applied 
to the extremities may have considerable functional consequences is a necessary 
departure from previous approaches.  Finally, the results support that case for evaluating 
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goal-oriented performance across postures that can be expected in real life (Tharion & 
Obusek, 1999), and the need to understand the relations between different levels of 
analysis for a more complete view of how underlying relations are related to goal-
directed performance (Palmer et al., 2012). 
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CHAPTER VII 
STUDY 3; VISUO-MOTOR PERFORMANCE IN CRITICAL SITUATIONS 
Abstract:  
Survivability is directly tied to ones perception-action capabilities, and 
compromised situational awareness may have consequences for prospective control in 
critical situations.  Firefighters and soldiers are encumbered by equipment that may 
compromise action-perception coupling, as temporal constraints during critical situations 
increase the inertial and interactive forces generated during movement.  Insofar as 
perception-action coupling may be affected by these forces; the impacts of equipment on 
awareness and visuo-motor performance in critical situations is necessary for providing 
optimal protection to the actor-perceiver.  This study examined the constraints of two 
soldier loads on perception-action coupling during a precision marksmanship task nested 
in larger event dynamics requiring information pick-up for overall task performance.  
Participants were required to pick up visual information during a postural transition to 
upright stance and respond appropriately to that information during a precision 
marksmanship task.  Increased load weights extended time to discriminate target 
sequences, demonstrating degradation of dynamic visual acuity under load.  Increased 
peak head velocities observed suggest an inability to dissipate energy across the kinetic 
chain under the combined constraints of load, movement, and visual performance.  
Marksmanship performance also decreased, with reductions in accuracy and increased 
firing latency under load.  Evaluation of the segmental dynamics underlying 
marksmanship shows that load ‘pushes’ segments from optimal coupling relations and 
increases within-trial variability (fixed-point drift and increased variability).  Findings 
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demonstrate that the consequences of protective equipment can be characterized in terms 
of perception-action coupling related to specific task performance.  Moreover, it shows 
that the very equipment required for protection may have negative consequences on 
survivability.  Understanding changes to specific perception-action relations under load 
provides insight into the functional capabilities of the actor-perceiver related to 
survivability in critical situations. 
 
Key Words: perception-action coupling, segmental dynamics, situational awareness, 
survivability, ecological task analysis.  
7.1 Introduction 
Perceiving information while moving through complex environments is a 
ubiquitous act successfully completed by animals daily.  Perceptual capabilities are 
closely tied to the movements of the body across all scales; from the postural affordances 
for vision during different orientations towards the environment (Gibson, 1966; Palmer et 
al., 2012a; Riccio & Stoffregen, 1988) to the nature of micro-saccadic eye movements 
related to perception of specific spatial frequencies (Rucci et al., 2007) and postural 
fluctuations at the boundaries of the base of support (Riccio, 1993).  Depending on the 
situation, relevant information may be at large spatial scales (tables around which one 
must move), small spatial scales (upturned nails which one must avoid), or both.  The 
visual system provides the capabilities to see both these scales of information by way of 
global and local optic flow (Warren, 1995), foveation on specific areas of interest for 
precision vision at the finest of spatial scales (Martinez-Conde et al., 2004; Rucci et al, 
2007), and their apparent integration via a multi-scale visual search pattern (Aks & 
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Sprott, 2003; Rhodes et al., 2011).  All animals, including humans, need this capability to 
successfully navigate the environment, locate food, identify threats and generally survive 
via the informed awareness perception provides (Shaw & Kinsella-Shaw, 2007).  For 
humans involved in critical situations, those for which there are consequences for non-
performance within in a certain amount of time or degraded performance in less time, it 
becomes increasingly important to pick-up this relevant information and act appropriately 
as the event unfolds. 
Critical situations in and of themselves, however, may place severe constraints on 
the capabilities of the visual system to perceive the available information.  Fast 
movement of the head has been shown to reduce dynamic visual acuity (Lee et al., 1997) 
and visual acuity tasks during locomotion necessitate changes in lower extremity 
coordination patterns to attenuate shock propagation to the head (Mulavara et al., 2002) 
and maintain head-trunk coordination that supports the visual task performance (Mulvara 
& Bloomberg 2003; Peters et al., 2006).  For humans many critical situations involve 
environmental threats that require the use of protective equipment.  Firefighters must 
wear heavy clothing and breathing apparatus, and soldiers must wear body armor and 
helmets in their daily duties that have consequences for their survival.  While few studies 
have examined the effects of wearing protective equipment on perception-action 
coupling, it has been shown that this equipment reduces the postural affordances for 
vision via changes in head angle and orientation towards the environment of interest 
(Palmer et al., 2012a) and that wearing military backpacks destabilizes head motion 
during locomotion (Holt et al., 2005).  When considered within the larger literature 
regarding movement and shock propagation to the head (Brizuela et al, 1997; Holt et al., 
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2005; Zhang et al, 2008), it has been suggested that wearing protective equipment 
reduces the capability of the visual system to perform tasks requiring dynamic visual 
acuity (Palmer et al., 2012a, Palmer & Van Emmerik, 2012). 
The consequences of load on precision visuo-motor performance are equally 
important during critical situations as these loads can increase the inertial and interaction 
forces, potentially disrupting goal-oriented performance and information pick-up (Palmer 
& Van Emmerik, 2012).  During a dynamic marksmanship task, Palmer and Van 
Emmerik (2012) observed that protective equipment reduced temporal and spatial 
performance (speed-accuracy) and that levels of analysis underlying this performance 
(measures of coordination variability, postural-focal coupling, and postural control) all 
reflected the consequences of load on task performance.  More specifically, it was found 
that load had negative consequences for the gross motor movements required to establish 
stable postures as well as for the fine motor relations necessary for precision visuo-motor 
performance during the aiming phase of the task.  For firefighters, soldiers, and others 
who must perform under the stresses of critical situations on a daily basis, the question of 
how physically-coupled load affects precision performance from a perception-action 
perspective is important for their survival and/or the survival of others.  Increases in the 
inertial and interactive forces during movement under load must be dissipated across the 
entire kinematic chain during movement (Hamill et al., 1995; McNitt-Grey 1993; Zhang 
et al., 2008) and should be accomplished in such a way as to minimize the consequences 
on task performance (Palmer et al., 2012a).   
When task and load constraints are combined, one should expect reductions in 
performance associated with those constraints.  For example, the introduction of a visual 
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task during transition to an upright stance constrains the system’s ability to make use of 
all its degrees of freedom; namely, the capability to dissipate energy via flexion of the 
head and trunk.  One should expect these multiple constraints to result in increased 
energy at the head and visual organs, as there is nowhere else for the energy to be 
dissipated along the kinematic chain.  This increased energy may disrupt the movement 
necessary for information pick-up at the large scale of head motions as well as finer scale 
of eye movements necessary for precision visual performance.  Movement while 
switching between visual targets and the ability to pick-up visual information should be 
affected by increased inertial and interactive forces as well, reducing the coordination 
within the kinetic chain (e.g. trunk-head coordination) and between the segments and 
environmental information necessary for action (e.g. head orientation towards visual 
targets) as loads increase (Palmer & Van Emmerik, 2012).  While empirical efforts have 
not yet examined the relationship between load, perception-action coupling, and the 
requirement to dissipate increased energy during movement through the environment, 
there is a strong basis for suggesting that there will be significant consequences on 
functional visuo-motor performance during critical situations under these simultaneous 
constraints (Brizuela et al, 1997; Lee et al. 1997; Palmer et al. 2012a; Peters et al. 2006; 
Rucci, et al. 2007; Zhang et al., 2008). 
It is the purpose of this investigation to gain an initial understanding of the 
consequences of protective equipment on dynamic visual acuity and tasks requiring 
visual-motor coupling for precision performance in critical situations.  Specifically, this 
investigation will use postural transitions under different soldier loads to evaluate the 
effect of load on a dynamic visual acuity task which informs the participants regarding 
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the appropriate performance of a whole-body precision visuo-motor task (dynamic 
marksmanship).  Increasing load is hypothesized to reduce the functional ability of the 
human to perform the dynamic visual acuity task as well as the visuo-motor precision 
task, suggesting that both will be negatively affected by the constraints of protective 
equipment in critical situations.  Specifically, it is hypothesized that reductions in 
dynamic visual acuity will be reflected in temporal delays in the time to discriminate 
static visual information (Hypothesis 1: increased Time to Discriminate).  It is also 
expected that the addition of protective equipment will degrade precision visuo-motor 
performance along both temporal and spatial dimensions, with further degradation under 
more difficult final postures (Hypothesis 2: reduced Accuracy and increased time to 
perform precision tasks; Firing Latency (FL), and Switch Time (ST)).  Regarding 
segmental dynamics, increased load is associated with increased shock transmission and 
is hypothesized to increase Peak Head velocity during target discrimination (Hypothesis 
3: increased Peak Head velocities).  Increased load is also hypothesized to disrupt  
segmental coordination patterns during postural transitions between targets for dynamic 
marksmanship performance, as the constraints of load and task performance will reduce 
the available degrees of freedom to dissipate the excess energy generated during 
movement (Hypothesis 4: shift in preferred segmental Coupling Angles from the 
unloaded condition, and increased Coordinative Variability).  Findings supporting these 
hypotheses will demonstrate the consequences of increasing protective equipment in 
critical situations involving perception-action coupling.  These data should provide 
fundamental insight into the constraints of load on perception-action coupling in critical 
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situations, specifically with regards to the impacts on dynamic visual acuity, postural 
transitions, and visually-guided precision aiming tasks that are related to soldier survival. 
7.2 Methods 
7.2.1 Participants  
Six male participants familiar with performing in military equipment (former or 
current infantrymen or like occupational specialties) were recruited for participation in 
the study (32.9 ± 4.7 years, 184.2 ± 30.2 lbs., 70.8 ± 2.7 in.).  Participants provided 
written informed consent following study approval through the Institutional Review 
Board at the University of Massachusetts Amherst.  The participants were all free from 
injury, and indicated no chronic neck, back, or lower extremity injuries.  All participants 
had 20/20 corrected vision, as confirmed through a static visual acuity test (Landolt C 
optotype).  
7.2.2 Data Collection and Procedure 
Sixteen retro-reflective markers were used to capture 3D movement of the head, 
trunk, and gun. Three were attached to the participant’s head (forehead, and lateral 
portion of the left/right zygomatic arches), four to the trunk (left/right acromion process, 
and right/left greater trochanter of the thigh), and nine to the gun (Figure 7.1; a four 
marker tracking cluster, three landmarks (barrel and two on the top necessary to produce 
aiming vectors), and two used to determine trigger pull.  Four (4) retro-reflective markers 
were also attached to the two targets in the collection volume (Figure 7.2).  Kinematic 
(segmental movement) data were collected during calibration and movement trials using 
an eight-camera Oqus Motion Capture system (240 Hz; Qualysis, Gothenburg, Sweden).  
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Visual 3D (Germantown, MD) was used to filter (8 Hz, low pass) the kinematic data with 
a 4th order, dual pass, zero lag, Butterworth filter and to create a 3-segment model of 
each subject (head, trunk, and gun).   
Prior to attachment of retro-reflective markers on the head and trunk, each subject 
used a table with sandbags to support themselves during upright stance while firing on 
the two different targets, five times each.  These pre-movement trials effectively zeroed 
the gun for each subject, allowing an aim point to be accurately projected onto the target 
using Visual 3D.  Shot Vectors were created in Visual 3D using the position of the targets 
and a projected vector from the two retro-reflective markers on top of the gun that were 
aligned with the sights (Figure 7.1).  Visual 3D models were created to project a unit 
vector onto an infinite plane defined by the retro-reflective markers on the targets.  
Trigger pull was identified by the change in vector length between two markers on the 
gun; one on the magazine well and one on the trigger itself.  Data were analyzed using 
Visual 3-D software and custom written software in Matlab (The MathWorks, Natick, 
MA, USA). 
 
Figure 7.1: Gun Marker Set 
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Figure 7.2: Experimental Set Up: a) Subjects stepped off a 24-inch box onto the 
force plate while searching for the optical information which directed them to the 
first target in the sequence (see Figure 7.3); b) Targets were equidistant from the 
center of the force plate. The forward target was approximately shoulder-height 
(1.57 m vertical) and the high target was located above the head (2.77 m vertical). 
Medio-lateral axis = X, Anterior-posterior = Y, Axial (vertical) axis = Z.  
 
Two target positions were used (Figure 7.2), one straight ahead of the participants 
(Forward (FWD)) and one above head and located to the left of the participants (High 
(HIGH)).   The targets were 2.3 cm in diameter, located 3.2 m from the center of the 
force plate along the line of sight (Figure 7.2b), and subjects were told that only shots that 
hit the center ring of the target would be considered a hit.  This ring was colored green so 
that participants could easily discriminate it from the larger rings (~ 3 mm diameter).  
This target arrangement was selected to replicate regular training conditions at 
approximately 65 m.  Targets and distances reflect those commonly used overseas when 
confined spaces preclude training on full-sized ranges, and subjects were acquainted with 
such training conditions.  A computer screen was used to display a Landolt C optotype to 
provide the target sequence based on its direction towards the first target (Figure 7.3), and 
was placed half the distance between the centers of the two targets.  The distance of the 
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optotype on the screen was located at a line of sight from the center of the force plate so 
that it equated to an optotype size requiring 20/20 vision in a static visual acuity test (3 
m).  The black Landolt C optotype was presented on a computer screen with a light grey 
background, with contrast and brightness settings consistent between participants, while 
the presentation was cued manually by the investigator upon participant contact with the 
force plate.  The computer screen was set in a position towards the landing location so 
that it was approximately perpendicular to the participant’s head orientation while turned 
towards the screen.  Participants shot twenty times in each of three load configurations 
(see below), with each target being assigned the first one in the sequence ten times in 
random order (60 total shots).  Both targets were shot during each trial, and the postural 
transition between shots was used to examine segmental coordination and the time it 
takes to switch between targets. Presentation of the optotype orientation was randomized 
within Load conditions and the order of Load conditions was balanced across 
participants.  Participants were able to take as much rest as they wanted between shots, 
and were specifically instructed to do so in order to minimize potential ordering effects 
due to fatigue. 
 
Figure 7.3: Landolt C Optotype Orientations for each Target 
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Participants wore sneakers, shorts and tank tops during data collection.  During 
movement trials, participants stepped off a twenty-four inch high plyometric box onto the 
center of the force plate (AMTI, 240Hz, Watertown, MA).  Participants were instructed 
to step off (not jump off) the box and land with the gun in the low-ready position (Figure 
7.2a).  Upon contact with the force plate, a Landolt C optotype appeared on the computer 
screen and the orientation of this optotype (open side of the C) pointed towards the target 
which the participants were instructed to shoot first (Figure 7.3).  Participants were 
instructed not to move the weapon from the low-ready position until they were sure of the 
correct target sequence, and shoot both targets as quickly and accurately as possible. 
Trials were conducted under three different loading configurations: (a) Unloaded, 
with a mock weapon (8.39 lbs.); (b) Light configuration, consisting of a lightweight 
helmet, vest, assault pack, and gun (55.33 lbs. total); and (c) Standard configuration 
consisting of a regular helmet, vest, assault pack, and heavy gun (82.4 lbs. total).  The 
ballistic vest and assault backpack were filled with standard military equipment (e.g. 
ballistic plates, mock magazines, mock batteries, and rations) and distributed in 
accordance with operational practices.  The Standard configuration is comparable to 
those loads carried by soldiers on a daily basis in combat (US Army AWG Report, 2006), 
and the Light load is approximately 1/3 lighter to assess the relative consequences of this 
reduced load (Table 7.1).  Moreover, every piece of equipment was custom made to be 
approximately 1/3 lighter in the Light load (mock magazines, batteries, grenades, armor, 
etc) than the same piece of equipment in the Standard load so the proportional loading on 
the body was symmetrical between loaded conditions.  Finally, to confirm the load 
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distribution was indeed symmetrical, the individual load carriage components were 
weighed three times each and the mean was taken to be the actual load (Table 7.1). 
Table 7.1: Configuration Weight Breakdown (lbs.) 
  Unloaded Standard Light Light (% Standard) 
Weapon 8.39 11.76 8.39 71.34 
Helmet n/a 3.38 2.25 66.57 
Vest (total) n/a 37.71 25.11 66.59 
Vest (front) n/a 26.11 17.37 66.53 
Vest (back) n/a 11.6 7.74 66.72 
Pack n/a 29.55 19.58 66.26 
TOTAL  8.39 82.4 55.33 67.15 
7.2.3 Data Analysis and Interpretation 
Time to Discriminate was the time between initial contact with the force plate 
(greater than 30 N threshold) and movement onset of the head turn towards the first target 
in the shooting sequence.  Movement onset was determined by the change in the 
orientation of the head around the Z-axis away from the computer screen orientation 
(head turning).  Despite the instruction to keep the gun in the low-ready position until 
absolutely sure which target was identified by the Landolt C optotype, most participants 
could not help but to begin establishing the basic posture from which any shooting would 
occur (as they were trained to do).  Thus, movement of the head away from the angle 
towards the computer screen was identified by the change in position and velocity that 
provided the most consistent measure of when participants had identified and committed 
to the target (see Figure 7.4 for an exemplar time series).  Sagittal plane Peak Head 
Velocities were computed using the first derivative of head position during the epoch 
from contact with the force plate to Movement Onset.  Firing Latency (FL) was the time 
between initial contact with the force plate and the time when the vector between the 
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trigger and magazine retro-reflective marker reached maximum distance for the first shot.  
Switch Time (ST) was the time between the two shots, and longer Switch Times are 
taken to reflect a more difficult transition between the two postures for precision 
performance associated with the FWD and HIGH targets (including gross movement and 
fine aiming performance).  Accuracy (Acc) was determined from the shot vector on the 
target plane, was calculated for the first shot only, and was taken as the absolute distance 
(mm) from the mean of the 5 pre-movement zeroing trials for each subject.  Accuracy of 
subjects from pre-movement trials was 2.37 ± 1.54 mm for the Forward target and 3.41 ± 
2.05 mm for the High Target, indicating the reliability of projecting the aim point onto 
the virtual target center using this technique.   
 
 265 
 
Figure 7.4: Determination of Movement Onset from time series analysis of the Head 
movement and velocity along the Axial axis (Z).  Departure from velocity thresholds 
were used to determine Movement Onset within each participant as velocities and 
directions of head motion prior to movement onset were inconsistent between 
subjects, and velocities did not start at 0 degrees/sec.  All trials were then visually 
examined to ensure this threshold coincided with the clear positional data showing 
head turning.   
 
Coupling angles between the Trunk and Head and Trunk and Gun were used to 
determine the consequences of inertial and interaction forces on the postural transitions 
between the two targets, and were calculated using Vector Coding techniques (Figure 7.5, 
see also Chang et al., 2008).  Relative motion diagrams (segment1 vs. segment2 angles) 
provide the coupling angle that exists between two segments during movement (Figure 
7.5a).  Vector coding allows the quantification of the coupling angle at every point during 
the time-normalized movement (normalized to 100% of event, n =101 data points) as 
well as the within trial coupling angle variability (Figure 7.5b).  Coupling angles were 
calculated for the axial axis only (Z) as this axis was the largest movement and was most 
useful in assessing the turning of the three segments between targets in this task.  
Coupling angles were calculated from the movement onset of the gun barrel following 
the first shot and barrel cessation prior to the second shot.  Because all participants’ barrel 
velocities started and stopped around 0 mm/s, a threshold of 0.035 mm/s was used for all 
subjects on the ascending (movement onset) and descending velocity time series of each 
trial (barrel cessation, Figure 7.6).  Absolute in-phase coordination patterns were 
calculated as 225 degrees for the Forward to High postural transition and 45 degrees for 
the High to Forward transition (Figure 7.5a).  As in-phase coupling was the coordination 
pattern of interest, all coupling angles were recalculated with absolute in-phase 
coordination patterns at 0 degrees.  Shifts from absolute in-phase coordination patterns  
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Figure 7.5: a) Relative motion diagrams between two segments are used to calculate 
coupling angles for every normalized data point (n=101) during the postural 
transitions,  b) Coupling angles time series are plotted across the movement epoch of 
interest, with standard deviations representing between trial variability (0 degrees = 
in-phase).  Given the coordination of head-gun-trunk expected during this postural 
transition, within trial variability will be used to assess deviations from in-phase 
coordination patterns necessary for task performance.   
 
with different loads and target sequence (forward to high or high to forward target) were 
assessed though evaluation of the within-trial mean Phase Angles, and coordinative 
variability around the mean angles were determined by evaluating the Kurtosis of the 
distribution (peakedness; Figure 7.7).  Increases in load are suggested to increase inertial 
and interactive forces, disrupting performance via “pushing” the coordination coupling 
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away from optimal in-phase patterns observed in the Unloaded configuration.  Greater 
shifts from in-phase relations in the Unloaded configuration reflect this shift from the 
optimal coordination pattern, and greater coordinative variability around this pattern 
(reduced kurtosis) with increasing load will reflect this.  The absolute in-phase 
coordination pattern is considered optimal because soldiers in this circumstance 
(transitioning between known targets) are trained to maintain head-gun-trunk posture so 
that disruption of the sight picture alignment is minimized during transition, allowing the 
fastest and most accurate performance (Laplume, 2012).  Note that the interpretation that 
absolute coordination is “optimal” and that reduced coordinative variability around this 
pattern (high kurtosis) is also “optimal” is context-specific to postural transitions during 
dynamic marksmanship performance.  While this position is contrary to what is generally 
considered “optimal” for many contexts (Palmer et al., 2012b; van Emmerik, 2007; 
Scholz et al., 2000) in motor control and segmental relations (i.e. increased variability as 
beneficial for adaptable performance and reflecting motor abundance in task 
performance; Latash, 2012), it reveals the need to closely consider context-conditioned 
variability as primary during goal-directed assessments (Bernstein, 1967; Turvey, 1990).  
From a practical standpoint, one only need understand that the more these relations 
become uncoupled (move away from in-phase, and with greater distributions), the more 
they have to “be put back together again” (re-coordinated) upon movement cessation for 
accurate and timely performance. 
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Figure 7.6: Determination of movement onset of barrel and barrel cessation for the 
epoch used for postural transitions between targets and the computation of 
Coupling Angle and Coupling Angle Variability via Vector Coding analysis.  
 
 
Figure 7.7: High values of kurtosis (a) reflect a high degree of peakedness in the 
data and absolute coordination patterns (those patterns with relatively little change 
in within-trial phase-relations).  As the kurtosis values decrease (b) the peakedness 
in the distribution is reduced and “shoulders” appear in the graph, reflecting a 
greater spreading of values around the mean. Further reductions in kurtosis (c) 
begin to reflect normal distributions around the mean (adjusted Kurtosis values of 
Zero).  From (a) through (c) above, there is a loss of absolute coordination (a) 
towards more relative coordination (c).  In this task, lower Kurtosis measures that 
are indicative of relative phase-relations are considered disadvantageous, as they 
indicate the need to “re-assemble” absolute coordination relations for precision 
performance. 
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7.2.4 Statistical Analysis 
Dependent measures were tested using a Repeated Measures Analysis of Variance 
(RM-ANOVA) with Load and Target (“Sequence” for Switch Time and Coordination 
measures) as the within subject factors.  When main effects were found, post-hoc 
comparisons between load configurations were evaluated for significance using pair-wise 
comparison (t-tests).  Dependent measures include: Time to Discriminate (TtD); Firing 
Latency (FL); Switch Time (ST); Accuracy (Acc); Peak Head Velocity (PHV); Coupling 
Angle (CA); and within trial Coordinative Variability (CV, measured via the calculation 
of Kurtosis).  Three RM-ANOVA models were used for statistical analysis, depending on 
the dependent variables and if interactions comparisons could be made.  A one-way Fixed 
model with Load as the within subject factor was used to analyze Time to Discriminate 
and Peak Head Angle Velocity.  A 2-way Fixed RM-ANOVA model with Load and 
Target (High or Forward) as the within subject factors was used for Firing Latency and 
Accuracy data.  Finally, a 2-way Fixed RM-ANOVA model with Load and Sequence 
(High or Forward as initial target posture) as the within subject factors was used for 
Switch Time (ST), Coupling Angle (CA), and Coordinative Variability (CV).  
Significance was set at the α= 0.05 and trends towards significance were set at the α= 
0.10 level.  Given the novelty of approach and that this was the first time analysis 
techniques were applied to this problem, assessing the trend is important so that an overly 
conservative approach does not preclude insight for further research in answering these 
questions. 
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7.3 Results 
7.3.1 Time to Discriminate and Peak Head Velocity 
Main effects of Load for Time to Discriminate (TtD) and Peak Head Velocity 
were significant, with greater values for both as load increased and post-hoc analysis 
revealing significant differences between all configurations (Figure 7.8, Table 7.2). 
Table 7.2:  Time to Discriminate (s) and Peak Head 
Velocity (Degrees/second), (Mean ± SD) 
  
Main 
Effects p, 
(F, df) Unloaded Light Standard 
Time to      
Discriminate 
p < 0.0001, 
(41.04, 2) 
0.63 ±  
0.13 
0.71 ± 
0.13* 
0.74 ± 
0.14*† 
Peak Head 
Velocity 
p < 0.0001, 
(139.7, 2) 
106.8 ±      
34.6 
127.2 ± 
24.9* 
163.9 ± 
49.0*† 
* Significantly greater than UL configuration (p ≤ 0.0001) 
† Significantly greater than Light configuration (p ≤ 0.0001) 
 
 
Figure 7.8: a) Time to Discriminate direction of the Landolt “C” optotype increases 
monotonically with load. b) Peak Head Velocity increased with load, corresponding 
to the greater Time to Discriminate the visual target.  All graphs show Mean ± SE.  
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7.3.2 Measures of Visuo-Motor Task Performance: Firing Latency; Switch Time; 
and Accuracy. 
Main Effects for Firing Latency were significant for both fixed effects of Load 
and Target, without significant interaction effects (Table 7.3, Figure 7.9a). For the high 
target (HIGH) condition, post-hoc analysis revealed significantly longer Firing Latencies 
in the Standard configuration compared to both the Light and Unloaded configuration.  
Trends towards longer Firing Latencies were found between the Unloaded and the Light 
and Standard configurations for the Forward (FWD) target as well as between the 
Unloaded and Light configurations at the High Target.  Between Target post-hoc analysis 
revealed significance only between Standard configurations, with longer Firing Latencies 
in the High target condition.  No Main effects or Interactions were found for Switch Time 
(Table 7.3, Figure 7.9b).  Main effects for Accuracy were found for both Load and 
Target, as well as a trend towards an interaction effect (Table 7.3, Figure 7.9c; greater 
values indicate larger spatial errors and less accurate performance).  For the Forward 
target, post-hoc analysis revealed reduced accuracy in the Light and a trend towards 
reduced accuracy in the Standard when each was compared to the Unloaded baseline. 
Interestingly, the Standard configuration was found to be significantly more accurate than 
the Light configuration in Forward target condition.  In the High target condition, post-
hoc analysis revealed reduced accuracy in the Standard compared to the Unloaded 
configuration, and a trend towards reduced accuracy in the Standard compared to the 
Light configuration.  Post-hoc analysis revealed significantly less accuracy for all 
configurations in the High target condition compared to the Forward target condition.  
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Table 7.3: Visuo-Motor Task Performance  (Mean ± SD) 
  
Load          
p, (F, df) 
Target             
p, (F, df) 
Interaction     
p, (F, df) Target Unloaded Light Standard 
Firing      
Latency 
(s) 
p = 0.016,     
(4.51, 2) 
p = 0.028, 
(5.02, 1) 
p = 0.440, 
(0.45, 2) 
FWD 2.98 ± 
0.57 
3.06 ± 
0.50‡ 
3.10 ± 
0.60‡ 
HIGH 3.01 ± 
0.70 
3.11 ± 
0.71‡ 
3.31 ± 
0.91*†a 
Switch      
Time (s) 
p = 0.192, 
(1.35, 2) 
p = 0.922, 
(0.03, 1) 
p = 0.602, 
(0.25, 2) 
FWD 2.85 ± 
0.68 
2.94 ± 
0.52 
2.94 ± 
0.74 
HIGH 2.86 ± 
0.68 
2.94 ± 
0.54 
2.92 ± 
0.74 
Accuracy 
(mm) 
p = 0.034, 
(3.43, 2) 
p < 0.001, 
(102.0, 1) 
p = 0.086, 
(2.55, 2) 
FWD 
23.3 ±     
8.8 
27.6 ± 
9.35* 
25.3 ±   
7.8‡♦ 
HIGH 
34.0 ± 
11.4a 
34.2 ±     
9.6a 
36.8 ± 
12.5*◊a 
* Significantly greater than Unloaded Configuration, within Target (p ≤ 0.029) 
† Significantly greater than Light Configuration, within Target (p ≤ 0.025) 
♦ Significantly less than Light, within Target (p = 0.036) 
‡ Trend towards greater than UL, within Target  (p ≤ 0.079) 
◊ Trend towards greater than Light, within Target (p ≤ 0.068) 
a Significantly greater than Forward Target, within Load (p ≤ 0.02) 
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Figure 7.9: a) Firing is delayed with the addition of Load and at High Target 
conditions, without interaction effects.  Post-hoc analysis revealed the largest delays 
in the Standard configuration at the High target condition for both Load and Target 
comparisons. b)  No effects for Switch Time were observed. c) Load and Target both 
reduced Accuracy, with reduced accuracy demonstrated by larger deviations from 
the target center.  All graphs show (MEAN ± SE). 
 
7.3.3 Segmental Dynamics: In-Phase Coordination and Coordinative Variability  
Main Effects for Coupling Angle were significant for Load in both the Trunk-Head and 
Trunk-Gun coordinative relations with greater shifts from the Unloaded (UL) baseline as 
Load was increased (Table 7.4, Figure 7.10).  Post-hoc analysis for Trunk-Head relations 
revealed significantly greater positive shifts from the Unloaded baseline in the Standard 
(STD) configuration, and significantly greater positive shifts in coupling angle in the 
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Standard compared to the Light configuration for both target sequence conditions.  Post-
hoc analysis for Trunk-Gun relations found greater positive shifts in coupling angle in the 
Light and Standard compared to the Unloaded configuration, significantly greater 
positive shifts in coupling angles from the Light to Standard configuration in the High to 
Forward transition sequence (HIGH), and a trend towards greater positive shifts between 
Light and Standard configurations in the Forward to High transition sequence (FWD).  
Main effects for Target sequence were only significant for Trunk-Head coordinative 
relations, with post-hoc analysis revealing greater negative Coupling Angles in the Light 
configuration for the HIGH-FWD sequence.  No significant Interactions were found for 
either Trunk-Head or Trunk-Gun relations.  
Table 7.4:  Mean Coupling Angle (Degrees), (Mean ± SD) 
  
Load 
Effects p, 
(F, df) 
Sequence 
Effects p, 
(F, df) 
Interaction     
p, (F, df) 
First 
Target UL Light STD 
Trunk-
Head 
Coupling 
Angle 
p < 0.001, 
(25.96, 2) 
p = 0.01, 
(6.81, 2) 
p =0.158, 
(2.19, 2) 
FWD 
-3.07 
± 4.4 
-2.32 
± 3.4 
-0.66 ± 
4.8*† 
HIGH 
-3.92 
± 4.1 
-3.73 
± 2.4a 
-1.29 ± 
3.3*† 
Trunk-
Gun 
Coupling 
Angle 
p < 0.001, 
(20.31, 2) 
p = 0.360, 
(1.03, 2) 
p = 0.563, 
(0.20, 2) 
FWD 
4.46 ± 
6.7 
5.50 ± 
6.4* 
6.23 ± 
6.3*‡ 
HIGH 
3.85 ± 
5.4 
5.19 ± 
5.8* 
6.12 ± 
5.8*† 
* Significantly greater than Unloaded, within Target (p ≤ 0.013) 
† Significantly greater than Light, within Target (p ≤ 0.011) 
‡ Trend towards greater than Light , within Target (p ≤ 0.077) 
a Significantly greater than Forward Target, within Load (p =0.004) 
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Figure 7.10: Mean in-phase Coupling Angles (0 degrees = in-phase coordination) 
drifted towards more positive values with the addition of Load, with Target effects 
only significant for Trunk-Head coupling angle.  FWD and HIGH conditions refer 
to the transition sequence from Forward to High (FWD) target or High to Forward 
(HIGH) target. Positive values indicate Trunk leading relationships, while greater 
negative values indicate Head or Gun leading relationship. Unloaded = UL, 
Standard = STD.  
 
 
Main effects for Load were significant for both Trunk-Head and Trunk-Gun 
coordinative variability (Table 7.5, Figure 7.11), with reduced Kurtosis as load increased 
(indicative of increases of within-trial variability).  Post-hoc analysis for Trunk-Head 
variability revealed reduced Kurtosis between Unloaded and Standard configurations in 
both target sequences, reduced Kurtosis in the Light compared to the Unloaded 
configuration in the Forward to High transition sequence (FWD), and reduced Kurtosis at 
the Standard compared to the Light configuration in the High to Forward transition 
sequence (HIGH).  Post-hoc analysis for Trunk-Gun coordinative variability revealed 
reduced Kurtosis in the Standard compared to Unloaded configuration, and a trend 
towards reduced Kurtosis in the Standard compared to the Light configuration; both in 
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the Forward to High transition sequence (FWD).  Main effects for Target sequence were 
non-significant.  Interaction effects were significant for Trunk-Head relations, and 
trended towards significance in Trunk-Gun relations (Table 7.5).   
Table 7.5:  Mean Coupling Angle Variability (Kurtosis), (Mean ± SD) 
  
Load 
Effects p, 
(F, df) 
Sequence 
Effects p, 
(F, df) 
Interaction     
p, (F, df) 
First 
Target UL Light STD 
Trunk-
Head 
Variability 
p < 0.001, 
(9.74, 2) 
p= 0.483, 
(0.24, 2) 
p = 0.031, 
(3.52, 2) 
FWD 
5.11 ± 
6.0 
3.10 ± 
4.5* 
2.31 ± 
2.8* 
HIGH 
3.98 ± 
6.1a 
3.42 ± 
5.4 
1.85 ± 
2.9*† 
Trunk-Gun 
Variability 
p = 0.016, 
(6.61, 2) 
p=0.635, 
(0.16, 2) 
p = 0.078, 
(2.58, 2) 
FWD 
1.74 ± 
3.3 
1.23 ± 
3.6 
0.39 ± 
2.2*‡ 
HIGH 
1.08 ± 
3.3 
1.21 ± 
3.0 
0.88 ± 
2.2 
* Significantly less than Unloaded, within Target (p ≤ 0.007) 
† Significantly less than Light, within Target (p = 0.002) 
‡ Trend towards less than Light , within Target (p ≤ 0.079) 
a Trend towards less than Forward Target, within Load (p = 0.088) 
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Figure 7.11: Coordinative Variability (Kurtosis; Mean ± SE).  Greater values of 
Kurtosis represent more absolute coordination relations (Figure 7.7a), while lower 
values represent more relative coordination patterns (Figure 7.7b/c).  Kurtosis 
values were adjusted, and values of zero indicate a Normal distribution.  FWD and 
HIGH conditions are the same as those in Figure 7.10. Unloaded = UL, Standard = 
STD. 
  
7.4 Discussion 
An individual’s capability to perceive and act appropriately is important for the 
safe execution of daily tasks, like knowing the ability to navigate a temporal gap in traffic 
and ones physical capabilities (i.e. action-scaled affordances; Fajen, 2007; Watson et al., 
2010).  The consequences for misperceiving or delays in perceiving the available 
information can be quite severe in some situations, having dire consequences for those in 
critical situations where one must act quickly for their own survival (soldiers) or the 
survival of others (firefighters).  Thus, any negative impact of the often-required personal 
protective equipment for those performing in critical situations must be effectively 
understood in relation to the protection that equipment is supposed to provide (Palmer et 
al., 2012a).  This study examined the consequences of load on dynamic visual acuity and 
visuo-motor precision performance nested in a dynamic marksmanship task.  The 
marksmanship task was performed during two different postural transitions driven by the 
final target location.  As hypothesized, dynamic visual acuity was negatively impacted as 
the Time to Discriminate targets increased with load (Hypothesis 1).  Peak sagittal plane 
head velocities increased with load as well, suggesting that the inability to dissipate shock 
within the kinetic chain contributed to the reduction in visual acuity under load 
(Hypothesis 3).  Visuo-motor task performance was also significantly impacted by load 
and posture, with longer Firing Latency and reduced Accuracy with increased loads and 
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at the High final posture condition (Hypothesis 2).  Coordinative relations that underlie 
this performance were also disrupted under load; with greater shifts from preferred 
coupling angles in Trunk-Gun and Trunk-Head relations as well as increased coupling 
angle variability with greater loads (Hypothesis 4).  That load “pushes” coupling angles 
from preferred relations (UL conditions) and increases the within-trial variability 
suggests that increased inertial and interaction forces during this dynamic transition 
contribute to reduced task performance.  Overall, all hypotheses were supported, 
especially in the configuration most closely resembling the current soldier load (Standard 
condition; U.S. Army AWG Report, 2006).  This reduction in the perception-action 
capabilities of soldiers under load has significant bearing on their situational awareness 
and ability to act in such a way as to increase their survivability (Shaw and Kinsella-
Shaw, 2007).  At issue, and yet unresolved, is a complete understanding of the 
consequences of load that provides quantifiable trade-offs between the addition of load 
for technical capability and its impact on survivability.   
7.4.1 Dynamic Visual Acuity and Load 
Load reduced the functional capability of participants to pick-up visual 
information during rapid postural transitions, and increased head velocities during the 
same epoch within the larger task.  Increased Time to Discriminate and higher Peak Head 
velocities under load suggests that the participant’s ability to coordinate with visual 
targets in the environment is compromised by the speed of head movement (Lee et al., 
1997).  Higher Peak Head velocities likely emerge from the inability of the kinetic chain 
to dissipate all the energy during this postural transition (McNitt-Grey et al., 1991; Zhang 
et al. 2006, 2008).  The peak head velocities (100 – 165 degrees/s) in this effort are in 
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agreement with those of Lee et al. (1997) who found reductions in dynamic visual acuity 
during horizontal head rotations from 56 – 320 degrees/s.  Additional research on 
dynamic visual acuity during treadmill locomotion suggests that segmental dynamics of 
the lower extremity, head and trunk, and head and eye are re-organized in a manner that 
increases energy dissipation and stabilizes the head when visual acuity tasks are 
introduced (Mulavara et al., 2002; Mulavara & Bloomberg, 2002; Hirasaki et al., Peters 
et al., 2006).  Work by Holt et al. (2006) found that soldier equipment destabilized the 
head, suggesting that the necessary stiffness within the system to carry load transfers 
greater energy to the head during locomotion.  Further supporting the hypothesis that 
dynamic transitions increase energy content at the head are the data from Zhang et al. 
(2008) during a landing task.  These authors observed peak head accelerations from 2 – 
4.5 g’s at frequencies from 10 – 35 Hz during landing in unloaded conditions from 
different heights, despite the fact head and trunk flexion was not constrained via a visual 
target.  These data from the literature and those here demonstrate that the combined 
constraints of load and orientating towards specific visual information during postural 
transitions disrupt the capabilities of the kinetic chain to dissipate energy in a manner that 
supports visual perception.  The findings here are important as movement in critical 
situations is not restricted to forward, continuous locomotion on flat surfaces; suggesting 
that movement paradigms beyond locomotion are necessary to fully understand the 
functional interactions between perception and performance (Chiel & Beer, 1997; Palmer 
et al., 2012b).  Fundamentally, reductions in dynamic visual acuity demonstrate that those 
wearing protective equipment are less able to move in a manner that supports information 
pick-up, decoupling the action-perception capabilities for prospective control in 
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subsequent tasks.  For soldiers this may mean delays in identifying friend or foe, areas on 
the ground that have been modified to set off improvised explosive devices, and many 
other threats related to their survival.  The consequences of load on visual performance 
likely occurs via the increased effects of inertial and interaction forces on segmental 
dynamics (e.g. peak head velocity, head-trunk coordination; Palmer et al, 2012a) as well 
as increased shock transmission at higher frequencies that may preclude information 
pick-up (Holt et al., 2005; Rucci et al., 2007; Zhang et al., 2008).  Further research must 
characterize the nature of these fluctuations within a single task, and determine if these 
differences relate to differential degradation of visual perception (i.e. different surface 
sizes in the environment).  These data would further the understanding of the multi-scale 
capabilities of visual perception (Aks et al., 2002; Aks & Sprott, 2003; Rhodes et al., 
2011) for information-pick up during movement, and the consequence of load as it relates 
to knowing about the ongoing state of affairs within the environment necessary for 
survival (Ashby et al., 2009; Palmer et al., 2012a, Palmer, 2012). 
7.4.2 Task Performance; Timing and Accuracy Measures 
Whole body visuo-motor task performance was degraded by load for both the 
Forward and High targets along spatial and temporal dimensions, and this degradation 
was greatest for the heaviest load (Standard) and at the High target condition.  While 
trends for extended Firing Latency were found for all comparisons between loaded and 
the Unloaded configuration, the only significant post-hoc finding was longer Firing 
Latency at the High target condition in the Standard configuration.  Both Load and Target 
effects are clear in this configuration, as participants had longer Firing Latency compared 
to the Light load at the same target as well as the same load at the Forward target.  These 
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data are similar to those of Palmer and Van Emmerik (2012), who demonstrated reduced 
Firing Latency between Unloaded and Standard configurations for the same target 
configurations when firing from upright stance, rather than following a postural 
transition.  Contrary to these findings are those of Hasselquist et al. (2009) who showed 
no differences in Firing Latencies for rested participants between relatively unloaded and 
Standard configurations when continuously transitioning between targets.  This 
difference is likely due to the grouping of many different postural transitions within the 
continuous marksmanship task in the Hasselquist et al. study (2009), precluding the 
assessment of the consequences on any particular postural transition on measures of 
temporal performance.  While Firing Latency appears to be effected by Load and Target 
position, no significant effects for Switch Time (the time between both shots being fired) 
were found.  This suggests that the instruction to participants (as fast and accurate as 
possible) provided the intended nesting of this task within realistic critical situations 
where consequences for non-performance could be severe.   
  Reductions in visuo-motor task performance within spatial dimensions was 
clearest between Target conditions, as Accuracy was degraded by an average of 38.4% at 
the higher target for all Load configurations.  This finding is similar to earlier efforts 
(Palmer & Van Emmerik, 2012) that demonstrated that this type of whole-body precision 
performance is degraded more significantly when the Head, Trunk, and Gun must all be 
re-oriented for task performance.  The Forward target position, while used more often in 
the limited studies that exist, requires relatively small re-orientations of the Head and 
Trunk compared to the Gun.  The fast re-orientation of all three loaded segments 
increases the inertial and interactive forces generated during movement, increasing the 
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challenge to coordination and control of goal-oriented action (Palmer & Van Emmerik, 
2012).  Similar to the findings for Firing Latency, post-hoc analysis revealed largest 
decrements in performance at the High Target in the Standard configuration.  Contrary to 
hypothesis, participants had greater Accuracy in the Standard compared to the Light 
configuration for the Forward target condition.  It has been suggested (Kramlick, 1995; 
Tharion & Obusek, 1991) that a potential benefit of heavier loads may be in terms of 
some damping of fluctuations across the kinematic chain that could reduce accuracy.   
Aalto et al. (1990) demonstrated this very effect during static marksmanship in an already 
established final posture with the addition of shooting clothing often used in competitive 
rifle marksmanship.  The data here for the Forward target would appear to support such a 
claim, especially considering the longer delay in Time to Discriminate in the Standard 
configuration that may allow a greater “quieting” of the system prior to movement onset 
for the focal task performance.  However, generalizing this finding to tasks requiring 
dynamic re-orientation of several segments for precision performance is misleading, as 
shown by the data from the High target condition and previous findings (Palmer & Van 
Emmerik, 2012).  As re-orientation of all three segments is the most likely scenario in 
real-world critical situations, it suggests that the current Army guidance for limiting load 
to 48.0 lbs in these critical situations (U.S. Army Field Manual 21-18: Footmarches; 
Marshall, 1949) should be seriously considered and implemented whenever possible.   
7.4.3 Coordination and Pattern Variability 
Examining the coordinative phase relations during the postural transition from 
one target to another provided a consistent between-subject movement nested within the 
larger task that provided the ability to quantify the consequences of load during a 
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complex task.  The consequences of increased load were clearly observed in the coupling 
angles for Trunk-Head and Trunk-Gun relations, as all Standard loads were “pushed” 
from optimal coupling relations in the Unloaded condition.  Trunk-Gun relations in the 
Standard configuration also showed significant “pushes” from the pattern relations in the 
Light configuration for both targets.  Any decoupling from the optimal coordinative 
relationships requires participants to “re-couple” those relations for performance upon 
movement cessation for task performance (Laplume, 2012).  Arutyunyan et al. (1968, 
1969) demonstrated the need for individual segments to co-vary in such a way as to allow 
goal-invariant orientation of the end-effector towards the target during static pistol 
marksmanship.  Results of previous efforts in rifle marksmanship (Palmer & Van 
Emmerik, 2012; Yuan & Lee, 1997) and those here suggest that loading the segments 
involved in these functional relations required for action-perception coupling in support 
of goal-invariant performance has negative consequences on task outcomes.  Overall, the 
results here show that increased loads reduced the degree to which the head led the trunk 
(less negative Trunk-Head coupling angles) and increased the lag between the Trunk and 
Gun (greater positive Trunk-Gun coupling angles).  The change to less “Head Leading” 
and more “Gun Lagging” are likely to have significant consequences for information 
pick-up at the final posture and contribute to increased firing latencies and reduced 
accuracy when temporal constraints are severe (i.e. one must shoot or be shot).    
Equally important as the shifts in the mean coupling relations is the increased 
within-trial variability observed as load was increased (reduced kurtosis).  As load was 
increased, the distribution of Trunk-Gun and Trunk-Head coupling angles moved away 
from the absolute coordination relations necessary for optimal marksmanship 
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performance for most of the Unloaded to Standard configuration comparisons (trend 
towards significance for Trunk-Gun at the FWD target).  In this particular context, 
maintaining the exact coordinative relations during postural transitions for marksmanship 
is necessary for performance in critical situations where speed and accuracy must be 
optimized.  The correct “sight picture” is only available when the relations between the 
Trunk, Head, and Gun are coordinated precisely following movement cessation.  
Deviations from the mean coupling angles were consistently observed to be greater 
(qualitatively) during movement initiation and cessation (Figure 7.5b), suggesting that 
increased inertial and interactive forces during this rapid postural transition disrupt task 
performance.  This increased dispersion during movement and movement cessation is 
likely to contribute significantly to the reductions in accuracy and increased temporal 
delays observed under load (see also Palmer & Van Emmerik, 2012).  In addition to the 
main effects of Load (none for Target), interactions between Load and Target sequence 
of Trunk-Gun and Trunk-Head Coupling Angle variability were also observed, 
suggesting that directionality of movement plays a role in the coordination.  The 
relationship of these changes should be more specifically examined, as it is likely that 
differences exist when transitioning to or from the FWD and HIGH targets based on the 
degree to which one must produce greater forces for countering the effects of gravity or 
integrate into the passive dynamics gravity provides in transition from the HIGH target 
(Bernstein, 1967; Fowler et al, 1982).  The lack of significant changes between Trunk-
Gun coupling angle variability when transitioning from the HIGH to FWD target suggest 
that moving with gravity may  have more detrimental effects on task performance, as 
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Kurtosis values were unchanged between load configurations and the lowest during this 
transition sequence.  
While few other studies have examined segmental coordination during whole 
body dynamic marksmanship performance (Palmer & Van Emmerik, 2012), literature 
from the study of bi-manual coordination provides a strong theoretical basis from which 
one may interpret the current data.  The shift in mean coupling angles and increases in the 
variability under load observed in this effort are similar to the fixed point drift and 
increased variability around the new fixed point with increases in the imperfection 
magnitude (as a function any number of detuning parameters) during bi-manual 
coordination (Amazeen et al., 1998; Kelso, 1995; Park & Truvey, 2008).  Collins et al. 
(1996; see also Sternad et al., 1995) specifically showed that the magnitude of the drift 
from preferred phase relations and changes in the variability around the new fixed point 
(i.e. the magnitude of detuning) was related to the frequency of movement as well as the 
relative effects of rotational inertia as a function of having different pendulum properties 
in each hand.  In the current effort, the Trunk, Head, and Gun moved at approximately 
the same absolute frequency between targets, but have significantly different inertial 
properties as a function of their morphology and the addition of different loads.  These 
results support the study of load on task specific performance via examination of 
coordinative phase relations, and the detuning from optimal relations in the unloaded 
condition as a function of speed of movement and relative loading on the segments of 
interest.  The findings of the current study suggest that Trunk-Head and Trunk-Gun phase 
relations in the Unloaded condition are those relations that have the strongest coupling 
relations and smallest variability (very large kurtosis values), suggesting a strong synergy 
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(strong attractor) during postural transitions related to marksmanship which is able to 
meet the functionally specific task demands of absolute coordination.  The addition of 
load and the emergence of increased inertial and interaction forces with rapid postural 
transitions would appear to weaken this synergy (the attractive phase relations) inducing 
fixed point drift as well as increased coordinative variability.  These comparisons appear 
valid despite differences in the movement paradigm (discrete point to point movement vs. 
continuous oscillations) and different segmental relations of interest (two fingers or 
oscillating pendulums vs. Head, Trunk, and Gun relations), as both paradigms selected 
those segments most related task performance.  Given the vast amount of research 
completed on the continuous form of the elementary coordination model (Haken – Kelso 
- Bunz Model (HKB; Kelso, 1995); expanding current efforts to more continuous task 
dynamics in pointing, aiming, and marksmanship under differentially loaded segments 
may be a fruitful approach to understanding the consequences of load on perception-
action coupling during critical situations.  
7.4.4 Conclusion/Summary 
There is a definitive need to protect those in critical situations from the daily 
threats based on the occupational hazards encountered in their environment (soldiers, 
Firefighters, etc).  However, the means of protecting these men and women must not 
preclude providing the informed awareness necessary for survival for all organisms, 
namely being in contact with the environment via ones perception-action capabilities 
(Shaw and Kinsella-Shaw, 2007).  Coordination dynamics revealed in “simpler” systems 
provide insight into the competitive and cooperative nature of movement coordination 
(Collins et al., 1996), and suggest that understanding movement in terms of these lawful 
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relations across scales and different segments only requires the selection of those 
functional relations most related to task performance (Turvey, 1990).  In the current 
effort, those relations did not include those typically chosen in movement science 
(marking all segments for analysis) or sensory psychology (visual stimulus or the neural 
parts involved in information processing), but instead chose the segment and end-effector 
functional relations specific to perception-action coupling and goal-oriented success 
(Head-Trunk-Gun dynamics).  In this case, raising the level of analysis to these 
functional relations provided substantial insight into the consequences of load and 
posture on informed awareness and visuo-motor performance related to soldier survival, 
and should be considered more often in understanding perception-action coupling in real-
world task analysis (Bernstein, 1996; Scholz et al., 2002; Turvey, 2007; Van Emmerik, 
2007).  Designing and fielding protective equipment, while necessary, requires a 
principled scientific approach to define the trade-space between the technical equipment 
protections and the functional capabilities of the actor-perceiver.  Finally, and perhaps 
most importantly, it begins to provide data for a counter argument to the “more is better” 
approach currently used in many occupational environments, despite reductions in 
perception-action capabilities (Palmer et al., 2012a) and increased potential for long term 
injury associated with greater loads (Knapik et al., 1996). 
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CHAPTER VIII 
GENERAL DISCUSSION 
8.1 Introduction 
This dissertation provides an initial approach and several novel paradigms from 
which the consequences of Warfighter load are examined.  These consequences are 
necessarily contextualized within Operational reality and loads commonly used by 
Warfighters, nested in events most relevant to Warfighter survivability.  This approach 
considers the action-perception coupling during an event known as “actions on the 
objective”, where Warfighters must move rapidly over terrain, pick-up optical 
information (and aural, though not used in this effort), and establish different postures to 
fire their weapon quickly and accurately.  The paradigms used in this Dissertation are 
novel in several ways: 1) they approach marksmanship dynamics from a more realistic 
and relevant perspective by incorporating other than forward postures and multiple 
targets; 2) they consider loads other than those traditionally studied (standard: vest, 
backpack, helmet) by adding operational equipment to the arms and head, 3) they 
consider the larger task dynamics within which the goal-directed action is nested, raising 
the fundamental unit of analysis to the organism-environment system, and 4) they 
consider the consequences of load in relation to task performance and across levels of 
analysis that underlie that performance (segmental coordination and underlying 
dynamics). 
This approach, while challenging and far from complete given the constraints on 
specific tools available to human movement science, provides a basis for answering the 
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“So What” questions that generals and congressmen ask, as well as the underlying 
relationships so important for scientists to understand (Figure 8.1).   
 
Figure 8.1: Strategic Analysis across levels of human performance that must be 
understood as nested and interconnected relations across the biological system in 
specific contexts and intentional constraints.  This approach relates levels of analysis 
and potentially provides the interrelations necessary to understand the constraints 
of load on Warfighter survivability. 
 
The three studies in this dissertation attempt to understand what it means for Warfighters 
to establish different postures for precision marksmanship under a variety of loads and 
contexts.  Study 1 considered the intrinsic dynamics of landing under load with regards to 
prospective control of action.  This approach shifts the focus from a traditional landing 
task using lower extremity biomechanical analysis, to focusing on how postural 
affordances for perception-action are affected by load during transition from movement 
to upright stance.  A dynamic transition paradigm was also used in Study 2 with a 
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Marksmanship task that extends previous work in motor control from static 
marksmanship (e.g. Zatsiorsky & Aktov, 1991) in an attempt to get an initial 
understanding of the consequences of load on the establishment of final posture.  Study 2 
also extends previous efforts in military ergonomics (Frykman et. al, 2010; Tharion & 
Obusek, 1999) to a movement paradigm that involves other than forward postures, 
realistic extremity loading conditions, and levels of analysis beyond those at the task 
level (Speed-Accuracy) necessary for a scientific basis for potential re-engineering of 
equipment distribution.  These additional levels of analysis provide a deeper 
understanding regarding the problem of load by analyzing coordination dynamics, 
postural-focal coupling, and postural regulation.  The final study combined these 
paradigms, requiring participants to pick-up optical information relevant to prospective 
control of action, and successfully perform the dynamic marksmanship task under 
different loads.  These three paradigms approach the problem of Warfighter load from the 
same fundamental perspective of ecological realism and across levels of analysis, 
providing sound empirical data from which the foundations for a theory of “The 
Consequences of Military Loads” may be developed, as is necessary for any rigorous 
scientific endeavor.  This is directly related to one concept of how this empirical data 
may be mined and exploited for the benefit of those who serve in dangerous combat 
scenarios (Figure 8.2).  The results of this dissertation provide initial evidence that 
Warfighter load has severe effects on the functional and operational capacity for those in 
critical situations, where their ability to assemble and disassemble postures for precision 
have consequences for their survival.  
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Figure 8.2: Development of a Superordinate Survivability Model from empirical 
data and generation of sub-space performance models for Mobility, Situational 
Awareness, and Lethality. Rather than consider Survivability as a function only of 
the carried ballistic protection (one of the historical and current misconceptions of 
the problem at issue), this Survivability space defines survivability before 
Warfighters have been wounded in the assessment of functional capability of the 
entire human-equipment system to perceive and act.   
8.2 Load and Task Performance 
Task performance was negatively affected by load in all three studies, and one of 
the most practically significant finding is that the smaller loads on the head and arms may 
have greater impact on marksmanship performance than the larger loads on the trunk.  
This conclusion is important when one considers the necessity of vision for prospective 
control of movement through complex environments and the need for precision aiming 
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during the final stages of dynamic marksmanship.  While establishing upright posture 
under different loads, reduced variability in the “time to establish” suggest significant 
temporal constraints under load when one must successfully braid the current movement 
into ongoing temporal dynamics.  For Warfighters, this may mean the inability to rapidly 
adapt the postures necessary for a secondary transition (e.g. changing direction of 
locomotion towards cover and concealment).  This fundamental reduction in the 
variability may be directly related to the increased stiffness across the neuromuscular 
field required for regulating inertial and interaction forces during movement (Holt et al, 
2005) as well as the intentional boundary conditions in environments where stepping 
forward during this transition may be dangerous.  Greater downward head orientations 
and Field of Regard Loss also demonstrate that load significantly reduces the availability 
of information for prospective control of movement or threat identification under load.  
Moreover, these findings demonstrate the importance of load distribution on task 
performance via ecologically relevant coordinative relations (e.g. eyes - environment), as 
participants had less access to relevant optical information in the lighter Helmet-only and 
Vest configurations when compared to the Pack configuration.  While study 1 did not 
involve a visual target, related research (Lee, et. al., 1997; Rucci, et. al, 2007; Zhang, et. 
al, 2008) suggests that if energy dissipation across the kinetic chain was reduced via less 
flexion of the head and trunk, the ability to pick-up relevant information may be severely 
compromised.  This suggestion from the literature (Palmer et al., 2012) was confirmed in 
Study 3, as the time to discriminate the proper target was significantly longer as 
configuration weight increased with simultaneous increases in the peak head velocity. 
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Findings from the precision marksmanship studies further support the hypothesis 
that load has significant consequences for task performance, as reductions in both speed 
and accuracy were found when loads were added to the system.  These effects were 
observed for the addition of large loads on the trunk (STD configuration in Study 2 and 
3), as well as for smaller loads on the extremities (arms and head, Study 2).  It appears 
that the larger loads have consequences for gross postural transitions while the smaller 
loads disrupt fine aiming prior to trigger pull.  Moreover, the move to non-forward targets 
demonstrates that the effects of posture are also significant, supporting the position of 
Tharion and Obusek (1999) that a range of relevant postures should be considered when 
developing or testing equipment.  The results of this study further suggest that the range 
and distribution of relevant operational loads should also be considered during these 
postural transitions.  All previous research examined marksmanship in a forward oriented 
target (the “ready-up” drill), where the majority of movement is in the end-effector.  As 
such, all previous research shows that a heavy “standard” load (vest, backpack, and 
helmet) does not affect accuracy performance (Kramlick, 2005; Frykman, 2010; Tharion 
& Obusek, 1999).  Contrary to those findings, this dissertation demonstrates that these 
loads do reduce temporal and spatial performance during marksmanship when one 
considers postural transitions that require re-orientation of the head and trunk as well as 
the gun.  For Warfighters there are relatively few situations where only the weapon is re-
oriented and, in fact, much of the training used for dynamic marksmanship performance 
involves significant re-orientation of the head, trunk, gun, and feet for any precision 
engagement (Laplume, 2012). 
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8.3 Load and Coordinative Dynamics 
As was hypothesized, physically-coupled load has significant consequences for 
available coordination patterns, leading to reduced performance.  In the case of dynamic 
transitions to upright stance (Study 1), significant reductions in orienting coordination 
were found when the Vest and Pack were added, and the variability in coordination was 
also greatly reduced.  Operationally, this means that transitioning to upright stance from 
movement under the Vest and Pack constrains access to some of the postures otherwise 
available for vision and action (e.g. head on trunk movement opens more vistas in the 
environment for situational awareness; Gibson, 1950).  Moreover, it suggests that the 
human system is less adaptable and flexible in these load configurations.  Again, the 
consequences of load asymmetry are seen, as the Pack condition showed no reduction in 
coordinative measures compared to the Vest, despite being 23 lbs heavier.   
In Study 2 significant increases in coupling angle variability within Head, Gun, 
and Trunk relations suggests that when all three segments must reorient towards the 
target (HIGH Target), the load induces a force field of inertial and interactive forces that 
is beyond the capacity of the neuromuscular systems to “control” within similar task 
performance.  These findings are further ballasted by the findings in Study 3, which 
demonstrate that load “pushes” phase relations between these three segments farther from 
their natural unloaded relations and increases the dispersion around these coupling 
relations (reduced kurtosis; less absolute coordination).  That between-trial (Study 2) and 
within-trial (Study 3) coordination variability increases as a function of load strongly 
suggests that it is the additional inertial and interactive forces involved in these rapid 
postural transitions under load that are partially attributable to reductions in performance 
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at the task level.  This suggests that it would be harder to ‘re-coordinate” the relations 
during the fine aiming phase of the task if accurate performance is to be achieved.   
Quieting time metrics from Study 2 support this position, as the fine aiming phase 
after establishing the gross posture for precision took longer when equipment was added 
to the arms (UE) and head (NVG).  These results demonstrate that the large loads on the 
torso are most detrimental for re-establishment of posture and “smaller” loads on the 
arms and head are most detrimental to the fine motor control required in the final stages 
of precision aiming.  This finding further supports the extension of previous 
marksmanship studies (though there are very few) to other than forward posture, other 
than torso loads, and other than task level analysis in the assessment the impact of load 
on Warfighter performance. 
8.4 Load and Underlying Dynamics 
As hypothesized, the consequences of load are accessible and interpretable via 
analysis of the Center of Pressure (CoP) time series using Fast Fourier Transform (FFT) 
analysis (Study 1) and examination of the CoP variability (Study 2).  Results from Study 
1 revealed important relations via FFT analysis, in that the Vest condition (the most 
asymmetrically loaded configuration) was found to have 2-3 times greater power than all 
other configurations (including the heavier Pack) and a shift to higher frequencies for the 
dissipation of energy across frequency spectra that did not disrupt the coordinative 
landing structures.  Equally important was the finding of different qualitative patterns 
when each FFT analysis was examined individually.  Two distinct patterns were observed 
in the power spectrum (1.5 – 15.5 Hz): a bi-modal distribution with a second frequency 
peak around 10 Hz; and a monotonic reduction in power as frequency increased with 
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greater power in the 2.5-8.5 Hz range than that in the bi-modal pattern (Figure 5.11).  
Interestingly, both patterns were observed in all configurations, but when quantified in 
terms of the percentage of trials that had this bi-modal distribution the Vest had 
significantly fewer bimodal distributions than the other configurations.  This finding was 
interpreted via autonomous control theory, and has a strong theoretical and empirical 
support from the Russian scientists in Moscow and others since the 1960s (Equilibrium 
Point Hypothesis; Feldman, 1969, 1986, 1995; see also Bernstein, 1935, 1967, 1995 and 
Latash, 1993).  The bi-modal distribution was interpreted as reflecting a simpler 
organization at the lower functional levels of the system, and the alternative pattern (the 
“filling in” pattern) was interpreted as a shift to larger interaction dynamics across many 
scales of the system for autonomous regulation of movement (Bak, 1995; interaction 
dynamics and a potential shift to 1/f  dynamics).  The increase in total power and this 
qualitative “filling” are one and the same, and suggest that the system may be on the 
verge of an emergent phase transition and a necessary re-organization (a step, stumble or 
fall) based on the limited ability to dissipate energy within atomisms engaged in the 
landing task (Iberall & Sodak, 1987).  However, empirical pursuit of the other 
requirements to demonstrate the true presence of a non-equilibrium phase transition in 
accordance with modern mathematics of  bifurcation theory is well beyond the scope of 
the current effort.   
The evaluation of the CoP variability (SD) in Study 2 demonstrated the increasing 
constraints on Load via a reduction in the variability within Posture, and was able to 
detect reductions in the variability in the unloaded (UL) and upper extremity armor (UE) 
configurations when transitioning to the High Posture.  That this metric was able to 
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discriminate some effects of Load and Posture suggests that further evaluation of the CoP 
time series may be helpful for an additional understanding of the nature of the variability.  
This is especially true given the small incremental loads on the arms (UE) and head 
(NVG) used, as this coarse analysis of the CoP may only be sensitive to postural 
regulation when larger load comparisons are made during dynamic movement (e.g. 
during gross movement transitions where load weights are very different).  This finding, 
however, is important at is extends the use of this analytic tool well beyond the traditional 
quiet stance paradigms into more dynamic tasks.   
Results from the postural - focal coupling during the fine aiming phase of Study 2 
also provides significant insight into the relations important for task performance.  
Increases in Cross Mutual Information (CMI) with load in the CoPy-Bz relations (CoP 
anterior-posterior – Aim Point up-down) suggest a “freezing” of degrees of freedom 
associated with load and likely reflect increased constraints on overall marksmanship 
synergy.  The lack of differences when smaller loads were added to the head and arms 
suggest that these “local perturbations” to coordinative dynamics are not captured in this 
“global” analysis, yet there are additional tools available that may provide additional 
insight.  Increased CMI at the High target in the CoPx-Bx (ML relations) time series 
suggest that more challenging postures increase the constraints on postural-focal 
relations.   However, the CMI at the High target decreased for the CoPy - Bz time series 
suggesting that final posture of specific segments may greatly influence postural-focal 
coupling.  This shift to lower CMI demonstrates increased stochasticity in postural-focal 
relations at the high target position, and suggests that deviations in either direction (more 
deterministic or more stochastic) from some level of “optimal complexity” are 
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detrimental to task performance.  Specifically, literature regarding the effects of head 
extension on postural stability suggests that the increased stochasticity (decreased CMI 
from preferred, unloaded) found in these AP postural - focal relations may reflect the 
vestibular and proprioceptive influences at the base of support (Johnson et al., 2010; 
Johnson & Van Emmerik, 2012).  While this interpretation is based on the current 
findings and those in the literature only, they do provide an initial understanding of what 
is at issue in Postural-Focal dynamics as well as an appropriate azimuth to follow for 
future research.   
8.5 Analytical Shortfalls, Development of New Techniques 
The most significant analytic shortfall in this dissertation comes from the lack of 
tools at the level of segmental coordination dynamics that are applicable to 3D movement 
across Cartesian planes and during point-to-point movements (discrete vs. continuous 
oscillatory movements).  The use of coupling angle variability is applicable for the 
question regarding the direction of the shift in variability when the constraints of physical 
load are added, but is unable to parse this variability for more meaningful analysis within 
trials.  Vector Coding analysis, while useful for this analysis, can not provide the means 
to parse “good” (variability that maintains goal invariance) and “bad” variability (that 
which is orthogonal to goal invariance) the way the Uncontrolled Manifold (UCM) 
technique does.  The Uncontrolled Manifold technique, however, is unable to provide 
insight into specific relations of interest within the functional synergy.  This means that 
while this tool may be helpful to understand different and important research questions 
relating to load (e.g. “How does this configuration degrade the strength of the 
marksmanship synergy?”), it does not provide the necessary information required to 
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optimize equipment distribution or modification of load on certain segments.  It appears 
necessary to develop tools that fall “between” these analysis tools for evaluation of 
realistic segmental coordination.  It suggests that one needs to understand coordinative 
relations unconstrained by Cartesian coordinates (improve on Vector Coding approaches) 
as well as the ability to parse the performance manifold in such a way to get at “good” 
and “bad” variability (find a way to incorporate this concept from UCM analysis).  The 
move to create such an analysis technique must necessarily develop vector coding from 
its current internal reference frame (inter-segmental coordination) to one at the organism-
environment level and specific to the goal of the task being examined, further expanding 
the tool from its use in examining orienting coordination in Study 1.  An analytic tool for 
these purposes in marksmanship, aiming, and pointing tasks is currently in early 
exploration and development by the author (Orientation Vector Analysis).   
At the level of underlying dynamics, this dissertation provides significant insight 
into the consequence of Soldier load and postural transitions for establishing upright 
posture, transitions to dynamic marksmanship, and fine aiming performance nested 
within upright stance.  In general, this dissertation took a coarse-grained approach to 
understanding the relations between spatio-temportal task performance and the changes 
in the underlying dynamics of the system.  This was a necessary first step in 
understanding the fundamental changes in the dynamic and “static” portions of the task 
under different load and posture conditions.  However, there is now a need to dig deeper 
in the variability relations that underlie this task performance.  Understanding the nature 
of the variability in the CoP and the changes in Cross Mutual Information with load and 
posture may provide deeper understanding and a way to further test the conclusions 
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suggested above.  Both of the time series used for underlying dynamics (CoP and CoP-
Aim Point relations) may benefit from additional analyses including Time to Contact, 
Recurrent Quantification / Cross Recurrence, and Multi-scale Entropy analysis.  Despite 
the arguable limitations of this dissertation effort, the results from the current analysis 
begin to answer the fundamental question of whether or not the constraint of Load 
increases or decreases coordinative variability and underlying dynamics as it relates to 
functional performance while establishing different postures.  Given the lack of current 
knowledge and application of existing techniques to this particular research area (Soldier 
Load and dynamic postural transitions for precision performance), it is necessary to move 
slowly towards increasingly advanced analysis techniques, and it certainly is necessary to 
understand the nature of the changes in “Task Space” before conducting additional 
dynamical systems analysis. 
8.6 Final Summary and Directions for Future Research 
This dissertation used novel approaches that better reflect operational 
environments using Ecological Task Analysis, and provides the initial step for improved 
understanding of the consequences of load on Warfighter survival.  While the data 
presented are powerful indications of the negative consequences of load, one must not 
forget that some load and protection is necessary for those in harms way.  The next step, 
from this dissertation and the work that has already begun that extends this effort, is to 
provide an empirically-based trade space model from which optimal design and 
configurations can be selected based on specific mission analysis.  Historically, 
Warfighter survivability has only been considered in terms of materials provided 
(ballistic plates, helmets, etc), leading to the massive increase in load on the Warfighter 
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since 2001 (US Army AWG Report, 2006).  This mis-conceptualization of what is at 
issue in Warfighter survivability is primarily driven by material developers without any 
understanding of limitations on human performance, a lack of human research that 
provides insight into this perspective, and many issues beyond the scope of this 
dissertation (e.g. DoD Acquisition Practices and Officer Promotions).  This traditional 
approach only considers “survivability” after the Warfighter has already been shot, 
injured by an improvised explosive device (IED), or attacked by some other form of 
indirect or direct fire (Palmer, 2012).  A more complete conceptualization of “Warfighter 
Survivability” is one that considers up front issues that minimize the chance that he will 
be “hit” in the first place, while incorporating the armor necessary for after the fact 
protection.  This type of survivability requires understanding that the relations between 
Mobility (Action), Situational Awareness (Perception), and Lethality is non-severable in 
combat, and provides a better basis by which one may judge a configurations ability to 
allow the Warfighter to survive in critical situations, safely return to his or her family, 
and meet mission objectives (Palmer, 2012).  This step has already been initiated, 
expanding the work in this Dissertation, and should provide a fruitful tool to understand 
the fundamental trade-space involved across relevant metrics for different mission 
performance and optimal survivability of our troops in combat (Figure 8.2).  
Another fundamental finding from this dissertation is that “Load” is not a number, 
meaning that the weight on the Warfighter does not even come close to providing insight 
into all that is at issue.  That a single number (weight) is an impoverished 
conceptualization of what is important to study “Load” requires a shift in the current 
approach to trying to find “the load threshold” for Warfighters.  Equally important is the 
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distribution of this load and what the body is able to handle from a functional perspective.  
This will require much investigation into the basic and fundamental research of what it 
means to load the neuromuscular field with weights across segments of the body, 
including “smaller” loads on the extremities.  Results from the Helmet-only configuration 
in Study 1 and the additional loading of the arms and head in Study 2 strongly support 
this perspective.  From a practical perspective, these findings should give material 
developers great pause when considering loading the head with additional technology 
given that eyes-in-head portion of the visual system (Gibson, 1966) are located within the 
encumbered segment and are necessary for navigation through complex terrain and fine 
aiming performance.  One fundamental direction that is suggested by the findings of this 
dissertation may be a relational approach to understanding biological systems (Rosen, 
1988, 2000) during goal-oriented functional performance.  
One way to begin this approach is to examine the relations between load and its 
distribution to functional performance across different empirical paradigms, without an 
expectation that a single “optimal” configuration exists across these variety of contexts.  
How to address this impredicativity and context conditioned variability is what is 
fundamentally at issue, in that one must prioritize the empirical paradigms that are most 
important.  The position taken in this effort is that the consequences of Load are best 
understood when Warfighters are in harms way, so the empirical paradigms used herein 
have been designed specifically to reflect these events within technical constraints.  This 
essentially extends and builds upon the study of static marksmanship (Kramlick 2005; 
Zatsiorsky & Aktov, 1991) and singular, forward postures (Tharion & Obsusek, 1999) to 
approaching evaluation of  “actions on the objective” involving multiple postural 
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transitions, nested in dynamic events, and additional loads beyond the standard to include 
the arms and head.  Next steps must continue to expand this marksmanship effort to 
additional postural transitions for precision performance, and extend the long-used “road 
marching” paradigm (Birrell et. al, 2007; Knapic et. al, 1996) to one that examines 
navigation and threat identification and discrimination “on the move” (making the reality 
of visual performance explicit in the study of ‘locomotion’; see also Palmer et al., 
2012b).  Efforts to realize these two necessary expansions of this dissertation have 
already occurred and research is ongoing on these fronts. 
If one is willing to consider that seeking “an optimal Load” is the wrong 
conceptualization of the problem at hand, then a different approach is required.  As noted 
above, the fundamental issue of load may simply be understood as the consequences of 
different loading relations; those within the segment “wielding” the mass directly and 
those between “wielding” segments which must coordinate their action for functional 
performance.  With this perspective, it may be possible to have the limitations of load 
“fall out” or “emerge” from specific study of these questions at a more basic level of 
science.  It is not a new suggestion that load weight and its distribution are both important 
and studies have examined the redistribution of load, but primarily in terms of how the 
load in the backpack is arranged internally (LaFiandra et al., 2003; Obusek et. al, 1996) 
or externally on the torso (Frykman et al., 1994).  The expansion of this idea for how load 
is carried across the entire system is a more difficult, but necessary problem to address.  
The results of this effort regarding extremity loading is important given the operational 
reality that Warfighters carry asymmetric loads in many other places than the torso: 
heavy boots on their feet; drop leg panels on their lateral thigh; blow out kits on the 
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lateral part of the shank; grenade launchers and advanced lasers and optics on the guns; 
and night vision goggles, flashlights, and communication equipment on their heads.   
As this asymmetric loading of the segments and entire body is a reality for the 
Warfighter, basic investigation into the issue of load should make use of the 
understanding potentially provided by the ellipsoid of inertia.  Changes to the ellipsoid of 
inertia with asymmetric loading can provide the deviation from natural conditions 
(unloaded) during movement.  This approach may provide an understanding of the basic 
problem; what it means to load a segment asymmetrically, and how to symmetrically load 
segments and optimize each based on its capacity to “wield” its’ load effectively and 
efficiently.  This approach could make use of the ellipsoid of inertia by establishing loads 
that minimize the deflection of the segmental eigenvector from its unloaded direction and 
minimize the eigenvalues of that limb-equipment system within the functional limitations 
of the prescribed task in which it is involved (e.g. within a certain Speed-Accuracy 
threshold).  The “segment” may not be reduced to anatomical parts, but to a functional 
segment; like the two upper arms and end-effector as “virtual shooting segment”, for 
example.  Additionally, this approach would determine the limitations of the functional 
ability to move functional eigenvectors across postural changes relative to its functional 
capacities across performance tasks and perhaps analyze this data via Vector Coding 
analysis, proving “higher order” invariants related to a desired manifold of task 
performance (e.g. functional Metamers: extending Amazeen et al., 2011; Shockley et al., 
2004; Wagman & Shockley, 2011).   
The final word in this dissertation is best stated by an operational commander 
who understands the necessary trades of load and human performance, and who has 
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witnessed the consequences of not abiding these trades in the currency of Warfighters 
lives lost. COL S.L.A. Marshall was such an expert, and he provides cautionary warning 
for those who would burden the Warfighter with technology that is not understood in 
terms of the “Human Dimension”:  
 
“THE MEANING OF MOBILITY 
In Closing I would like to say that we need mobility most of all on the battlefield.  
Swift and agile movement, rapidity, and assurance of thought are the true essentials.  To 
get it, we must encourage every means of producing stronger and more accurate 
firepower.  Fire is the stuff that wins and there is no substitute for it.  We will not have 
the swift and agile movement, rapidity and assurance of thought – nor even stronger and 
more accurate fire – as long as we cling to the superstition that under danger man can be 
expected to have more than there normal powers, and that they will outdo their best 
efforts simply because their lives are at stake.  This form of ignorance leads only to 
needless brutality to our own combat troops – the men we can least afford to hurt.” 
 
S.L.A. Marshall, The Soldier’s Load and The Mobility of a Nation, 1949 
(emphasis added). 
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APPENDIX A  
INFORMED CONSENT DOCUMENTS 
 
Study 1 Informed Consent 
RESEARCH INFORMED CONSENT FORM 
 
Project Title: Effects of Individual Combat Equipment on Landing and Balance 
 
Investigators:  Richard E.A. Van Emmerik, Christopher Palmer; Department of 
Kinesiology, University of Massachusetts, Amherst, MA. 
   
Project Sponsor: None 
By signing this consent form you, ________________________, indicate that you 
willingly agree to participate in this project. The essence of this project is as follows: 
Purpose of the Study 
The purpose of this study is to assess different landing characteristics and balance control 
parameters while wearing different individual equipment ensembles.  In this study, forces 
and balance control will be assessed using data from a special platform during “quiet 
stance” in 2 foot positions (normal and “boxer” stance) and during a landing from a 24 
inch platform under various load conditions (different equipment).  We will also make 
assessments of this movement through high-speed camera systems that can very 
accurately track your movements.  Results from this study will allow equipment 
researchers, clinicians, and equipment developers to gain a better understanding of the 
constraints of the “Soldier System” with regards to the amount and placement of 
individual equipment on the human system.  The information that will be obtained can be 
useful in the overall assessment of Soldier performance, development of new equipment, 
and potential reduction in the amount of equipment on the Soldier during task 
performance. 
 
Procedures 
The experiment will comprise of a total of one session.  
During this visit you will; 
1. Be measured for height, weight, and other relevant body measurements 
needed to correctly assess human movement. 
2. Be correctly fitted with individual equipment (Helmet and load-bearing Vest 
(with Armor). 
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3. Instructed on the quiet standing and landing task, and provided a relevant 
scenario in which to perform the landing. 
4. Warm up by stretching, ballistic calisthenics, and practice landings to ensure 
you are prepared to land safely and in accordance with the scenario provided. 
5. Have reflective markers placed on various segments of you body, which will 
be used to track your movement during the task. 
6. Stand and land from the 24 inch platform onto the force plate while wearing 
the following individual equipment ensembles; 
a. No Ensemble; fake weapon (lightweight), footwear and clothing (lycra 
shorts/top) only. 
b. Ensemble “a” plus Helmet with Night Vision Goggles (but with 
weighted weapon). 
c. Ensemble “b” plus a loaded Armor/Load-carriage vest. 
d. Ensemble “c” plus an Assault Pack. 
7. This movement, under the various ensembles will allow us to determine the 
forces applied to the human body under these different ensembles as well as 
your ability to balance during quiet stance and following the landing. 
 
The visit is expected to last for approximately two and one-half hours (2.5 hours).  
 
Expected risks or discomfort 
The risks involved in the project are not different from what you encounter in normal 
daily life during recreational sports, and is significantly less than you encounter during 
training or operational missions.  We have added safety precautions in the form of 
exercises mats and physical support whenever you need it.  The heights from which you 
will land are less than those encountered during realistic training and from exiting many 
Military Ground, Rotary Wing or other transportation platforms. 
 
Expected Benefits 
No direct benefits to your health are expected to occur by participating in this study.  The 
results will help our understanding of the effects of Combat Equipment on Soldier 
performance and potential relationships to long-term injury.  Additionally, data from this 
effort will be provided to US Armed Services Combat Developers, and Equipment 
developers to help improve the equipment you will wear. 
Cost and Compensation 
There is no personal cost involved by participating in this study.  The University of 
Massachusetts does not have a program for compensating subjects for injury or 
complications related to human subject’s research but the study personnel will assist you 
in getting treatment. 
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Alternative Procedures 
There are no alternative procedures.  The measurements in this study provide the best and 
optimal way to measure and assess your landing forces and balance as related to the task 
with relevant combat equipment. 
Subject enrollment/length of study 
It is expected that 8 subjects will be enrolled in this study.  This study is expected to last 
for 2 months.  You will be asked to visit the laboratory on one occasion at a time of your 
convenience.  The testing session will last for approximately 2.5 hours. 
Confidentiality 
Information produced by this study will be confidential and private.  If the data are used 
for publication in the scientific literature or for teaching purposes, no names will be used. 
Information obtained from this study will not be released to anyone except upon your 
written request.    
 
Voluntary Participation 
You are under no obligation to participate in this project.  You may withdraw your 
participation at any time without prejudice. 
 
REQUEST FOR ADDITIONAL INFORMATION 
Should you have any questions about your treatment or any other matter relative to your 
participation in this project, you may call: Richard Van Emmerik at (413-545-0325; 
email: rvanemmerik@kin.umass.edu) or Christopher Palmer (508-259-8414; email: 
cpalmer@acad.umass.edu).  If you experience a research related injury at any time during 
this study, you may contact: Richard Van Emmerik at (413)545-0325 (work) or 
(413)259-1040 (home).  If you would like to speak with someone not directly involved in 
the research study, you may contact/ /the Human Research Protection Office at the 
University of Massachusetts via email/ /at humansubjects@ora.umass.edu 
<mailto:humansubjects@ora.umass.edu>; telephone (413) 545-3428; or mail at the 
Human Research Protection Office, Research Administration Building, University of 
Massachusetts Amherst, 70 Butterfield Terrace, Amherst, MA 01003-9242. 
 
Subject Statement of Voluntary Consent  
When signing this form I am agreeing to voluntarily enter this study.  I understand that, 
by signing this document, I do not waive any of my legal rights.  I have had a chance to 
read this consent form, and it was explained to me in a language which I use and 
understand.  I have had the opportunity to ask questions and have received satisfactory 
answers.  A copy of this signed Informed Consent Form has been given to me.  
 
 _______________________________________________  
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Subject’s Name (Print or type) 
 
 _______________________________________________   _________________  
Signature  Date 
 
 _______________________________________________  
If required: Witness (Print or type) to   Discussion      Signature 
 
 _______________________________________________   _________________  
Signature  Date 
 
 
Study Representative Statement:  
I have explained the purpose of the research, the study procedures, the possible risks and 
discomforts, the possible benefits, and have answered any questions to the best of my 
ability. 
 
 _______________________________________________   _________________  
Study Representative Name (Print or Type)                                                           Date 
 
 _______________________________________________   _________________  
Signature                
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Study 2 Informed Consent 
RESEARCH INFORMED CONSENT FORM 
 
Project Title: Marksmanship and Postural Control in Different Armor 
Configurations 
 
Investigators:  Richard E.A. Van Emmerik, Christopher Palmer; Department of 
Kinesiology, University of Massachusetts, Amherst, MA. 
   
Project Sponsor: None 
By signing this consent form you, ________________________, indicate that you 
willingly agree to participate in this project. The essence of this project is as follows: 
Purpose of the Study 
The purpose of this study is to assess different extremity armor weighting characteristics 
on postural control and marksmanship performance.  In this study, forces, balance 
control, and marksmanship performance will be assessed using data from a special 
platform during a marksmanship task with 2 different target orientations.  We will also 
make assessments of this movement through high-speed camera systems that can very 
accurately track your movements.  Results from this study will allow equipment 
researchers, clinicians, and equipment developers to gain a better understanding of the 
constraints of the “Soldier System” with regards to the amount and placement of 
individual equipment on the human system.  The information that will be obtained can be 
useful in the overall assessment of Soldier performance, development of new equipment, 
and potential reduction in the amount of equipment on the Soldier during task 
performance. 
 
Procedures 
The experiment will comprise of a total of 2 sessions.  
During the initial visit you will; 
1. Be measured for height, weight, and other relevant body measurements 
needed to correctly assess human movement. 
2. Be correctly fitted with individual equipment (Helmet and load-bearing Vest 
(with Armor). 
3. Instructed on the marksmanship task, and provided a relevant scenario in 
which to perform. 
4. Warm up by stretching, and marksmanship practice for familiarization with 
the mock systems. 
5. Have reflective markers placed on various segments of you body, which will 
be used to track your movement during the task. 
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6. Stand on the force plate and conduct marksmanship tasks while wearing 
individual equipment (Helmet, Armor Vest, Boots); 
a. With out extremity armor. 
b. With extremity armor (on the forearms and upper arms) ranging from 
very light weight (less than ½ pound per piece) to heavy (approaching 
3 pounds per piece). 
7. On the second session, you will complete #s 2 – 6 above, but with a different 
target location. 
8. This movement, under the various ensembles will allow us to determine the 
forces applied to the human body under these different ensembles, your ability 
to balance during marksmanship, and the effects of extremity armor on 
marksmanship performance. 
 
Each visit is expected to last for approximately four hours (4.0 hours).  
 
Expected risks or discomfort 
The risks involved in the project are less than what you encounter in normal daily life 
during recreational sports, and similar to what you encounter during marksmanship 
training in the field.  Necessary time between trials will be provided to avoid any fatigue 
effects.   
 
Expected Benefits 
No direct benefits to your health are expected to occur by participating in this study.  The 
results will help our understanding of the effects of Combat Equipment on Soldier 
performance.  Additionally, data from this effort will be provided to US Armed Services 
Combat Developers, and Equipment developers to help improve the equipment you will 
wear. 
Cost and Compensation 
There is no personal cost involved by participating in this study.  The University of 
Massachusetts does not have a program for compensating subjects for injury or 
complications related to human subject’s research but the study personnel will assist you 
in getting treatment. 
Alternative Procedures 
There are no alternative procedures.  The measurements in this study provide the best and 
optimal way to measure and assess your landing forces and balance as related to the task 
with relevant combat equipment. 
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Subject enrollment/length of study 
It is expected that 6 subjects will be enrolled in this study.  This study is expected to last 
for 2 months.  You will be asked to visit the laboratory on two occasions at a time of your 
convenience.  The testing session will last for approximately 4 hours. 
Confidentiality 
Information produced by this study will be confidential and private.  If the data are used 
for publication in the scientific literature or for teaching purposes, no names will be used. 
Information obtained from this study will not be released to anyone except upon your 
written request.    
 
Voluntary Participation 
You are under no obligation to participate in this project.  You may withdraw your 
participation at any time without prejudice. 
 
REQUEST FOR ADDITIONAL INFORMATION 
Should you have any questions about your treatment or any other matter relative to your 
participation in this project, you may call: Richard Van Emmerik at (413-545-0325; 
email: rvanemmerik@kin.umass.edu) or Christopher Palmer (508-259-8414; email: 
cpalmer@acad.umass.edu).  If you experience a research related injury at any time during 
this study, you may contact: Richard Van Emmerik at (413)545-0325 (work) or 
(413)259-1040 (home).  If you would like to speak with someone not directly involved in 
the research study, you may contact/ /the Human Research Protection Office at the 
University of Massachusetts via email/ /at humansubjects@ora.umass.edu 
<mailto:humansubjects@ora.umass.edu>; telephone (413) 545-3428; or mail at the 
Human Research Protection Office, Research Administration Building, University of 
Massachusetts Amherst, 70 Butterfield Terrace, Amherst, MA 01003-9242. 
 
Subject Statement of Voluntary Consent  
When signing this form I am agreeing to voluntarily enter this study.  I understand that, 
by signing this document, I do not waive any of my legal rights.  I have had a chance to 
read this consent form, and it was explained to me in a language which I use and 
understand.  I have had the opportunity to ask questions and have received satisfactory 
answers.  A copy of this signed Informed Consent Form has been given to me.  
 
 _______________________________________________  
Subject’s Name (Print or type) 
 
 _______________________________________________   _________________  
Signature  Date 
 
 _______________________________________________  
If required: Witness (Print or type) to   Discussion      Signature 
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 _______________________________________________   _________________  
Signature  Date 
Study Representative Statement:  
I have explained the purpose of the research, the study procedures, the possible risks and 
discomforts, the possible benefits, and have answered any questions to the best of my 
ability. 
 
 _______________________________________________   _________________  
Study Representative Name (Print or Type)                                                           Date 
 
 _______________________________________________   _________________  
Signature                   Date 
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Study 3 Informed Consent 
RESEARCH INFORMED CONSENT FORM 
 
Project Title: Precision Task Performance during Establishment of Upright Posture 
Investigators: Christopher Palmer, M.S., Dr. Richard Van Emmerik; Department of 
Kinesiology, University of Massachusetts, Amherst, MA. 
   
Project Sponsor: None 
 
By signing this consent form you, ________________________, indicate that you 
willingly agree to participate in this project. The essence of this project is as follows: 
Purpose of the Study 
The purpose of this study is to assess different equipment configurations on movement 
and precision accuracy during marksmanship performance.  In this study, forces, balance 
control, and marksmanship performance will be assessed using data from a special 
platform during a marksmanship task with 2 different target orientations.  We will also 
make assessments of this movement through high-speed camera systems that can very 
accurately track your movements.  Results from this study will allow equipment 
researchers, clinicians, and equipment developers to gain a better understanding of the 
constraints of the “Soldier System” with regards to the amount and placement of 
individual equipment on the human system.  The information that will be obtained can be 
useful in the overall assessment of Soldier performance, development of new equipment, 
and potential reduction in the amount of equipment on the Soldier during task 
performance. 
 
Procedures 
The experiment requires two separate visits.  
During the initial visit you will; 
8. Be measured for height, weight, and other relevant body measurements (limb 
lengths, circumferences, etc.) needed to correctly assess human movement. 
9. Be correctly fitted with individual equipment (Helmet and load-bearing Vest 
(with Armor). 
10. Instructed on the dynamic marksmanship task, and provided a relevant 
scenario in which to perform.  In this task you will essentially land on the 
force plate, determine the correct target sequence from a visual cue, and 
proceed to the marksmanship task in the correct sequence.  
11. Warm up by stretching, and marksmanship practice for familiarization with 
the mock systems. 
12. Have reflective markers placed on various segments of you body, which will 
be used to track your movement during the task. 
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13. Land on the force plate from twenty-four (24) inches, and conduct 
marksmanship tasks while wearing 3 different configurations of Combat 
Equipment (Unloaded, Light, and Standard Loads).  
During the second visit you will complete the same task (landing and marksmanship) for 
the two targets with a different sequence of the same configurations on Day 1.  The 
purpose of the two different visits is to minimize fatigue over the evaluation of the task.  
Both visits are expected to last between 2 and 3 hours.  Each visit will consist of ten (10) 
repetitions per condition (Unloaded, Light, and Standard configurations), for a total of 
thirty (30) tasks per session. 
 
Expected risks or discomfort 
The risks involved in the project are less than what you encounter in normal daily life 
during recreational sports, and similar to what you encounter during marksmanship 
training in the field.  Necessary time between trials will be provided to avoid any fatigue 
effects.  Adequate rest will be allowed between task performance, and you will determine 
how much time you need between shots. 
 
Expected Benefits 
No direct benefits to your health are expected to occur by participating in this study.  The 
results will help our understanding of the effects of Combat Equipment on Soldier 
performance.  Additionally, data from this effort will be provided to US Armed Services 
Combat Developers, and Equipment developers to help improve the equipment you will 
wear. 
Cost and Compensation 
There is no personal cost involved by participating in this study.  The University of 
Massachusetts does not have a program for compensating subjects for injury or 
complications related to human subject’s research but the study personnel will assist you 
in getting treatment. 
Alternative Procedures 
There are no alternative procedures.  The measurements in this study provide the best and 
optimal way to measure and assess your landing forces and balance as related to the task 
with relevant combat equipment. 
Subject enrollment/length of study 
It is expected that no more than12 subjects will be enrolled in this study.  This study is 
expected to last for 6 months.  You will be asked to visit the laboratory on two occasions 
at a time of your convenience.  Each testing session will last for approximately 2-4 hours. 
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Confidentiality 
Information produced by this study will be confidential and private.  If the data are used 
for publication in the scientific literature or for teaching purposes, no names will be used. 
Information obtained from this study will not be released to anyone except upon your 
written request.    
 
Voluntary Participation 
You are under no obligation to participate in this project.  You may withdraw your 
participation at any time without prejudice. 
 
REQUEST FOR ADDITIONAL INFORMATION 
Should you have any questions about your treatment or any other matter relative to your 
participation in this project, you may call: Richard Van Emmerik at (413-545-0325; 
email: rvanemmerik@kin.umass.edu) or Christopher Palmer (508-259-8414; email: 
cpalmer@kin.umass.edu).  If you experience a research related injury at any time during 
this study, you may contact: Richard Van Emmerik at (413)545-0325 (work) or 
(413)259-1040 (home).  If you would like to speak with someone not directly involved in 
the research study, you may contact/ /the Human Research Protection Office at the 
University of Massachusetts via email/ /at humansubjects@ora.umass.edu 
<mailto:humansubjects@ora.umass.edu>; telephone (413) 545-3428; or mail at the 
Human Research Protection Office, Research Administration Building, University of 
Massachusetts Amherst, 70 Butterfield Terrace, Amherst, MA 01003-9242. 
 
Subject Statement of Voluntary Consent  
When signing this form I am agreeing to voluntarily enter this study.  I understand that, 
by signing this document, I do not waive any of my legal rights.  I have had a chance to 
read this consent form, and it was explained to me in a language which I use and 
understand.  I have had the opportunity to ask questions and have received satisfactory 
answers.  A copy of this signed Informed Consent Form has been given to me.  
 
 _______________________________________________  
Subject’s Name (Print or type) 
 
 _______________________________________________   _________________  
Signature  Date 
 
 _______________________________________________  
If required: Witness (Print or type) to   Discussion      Signature 
 
 _______________________________________________   _________________  
Signature  Date 
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Study Representative Statement:  
I have explained the purpose of the research, the study procedures, the possible risks and 
discomforts, the possible benefits, and have answered any questions to the best of my 
ability. 
 
 _______________________________________________   _________________  
Study Representative Name (Print or Type)                                                           Date 
 
 _______________________________________________   _________________  
Signature                   Date 
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APPENDIX B  
BALANCED ORDERS 
Table B.1: Balanced Order Study 1 
Subject 
1 
Subject 
2 
Subject 
3 
Subject 
4 
Subject 
5 
Subject 
6 
Subject 
7 
Subject 
8 
W H V STD STD V H W 
H V STD W V H W STD 
V STD W H H W STD V 
STD W H V W STD V H 
 W- Weapon, H – Helmet, V – Vest, STD - Standard 
 
 
 
Table B.2: Balanced Order Study 2 
Subject 
7 
Subject 
3 
Subject 
1 
Subject 
8 
Subject 
4 
Subject 
5 
Subject 
6 
Subject 
2 
UL 
(s,h)* 
STD 
(s,h) 
UE 
(s,h) 
NVG 
(s,h) 
NVG 
(h,s) 
UE 
(s,h) 
STD 
(h,s) 
UL 
(h,s) 
STD 
(h,s) 
UE 
(h,s) 
NVG 
(h,s) 
UL 
(h,s) 
UE 
(s,h) 
STD 
(h,s) 
UL 
(s,h) 
NVG 
(s,h) 
UE 
(s,h) 
NVG 
(s,h) 
UL 
(s,h) 
STD 
(s,h) 
STD 
(h,s) 
UL 
(s,h) 
NVG 
(h,s) 
UE 
(h,s) 
NVG 
(h,s) 
UL 
(h,s) 
STD 
(h,s) 
UE 
(h,s) 
UL 
(s,h) 
NVG 
(h,s) 
UE 
(s,h) 
STD 
(s,h) 
s = straight target, u = high target and order identifies progression within each 
configuration condition. UL – Unloaded, STD – Standard, UE – Upper Extremity 
armor, NVG – Night Vision Goggles 
 
  
 
Table B.3: Balanced Order Study 3 
1 2 3 4 5 6 
UL LIGHT STD STD LIGHT  UL 
LIGHT STD UL LIGHT UL STD 
STD UL LIGHT UL STD LIGHT 
7 8 9 10 11 12 
UL LIGHT STD STD LIGHT  UL 
LIGHT STD UL LIGHT UL STD 
STD UL LIGHT UL STD LIGHT 
UL – Unloaded, STD – Standard, Light – Lightweight Configuration 
Visual cue determining target sequence within each condition (left or right pointing 
“Landolt C”) was randomly distributed within each condition for each subject. 
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APPENDIX C  
MARKER SETS 
        
  
Helmet      Gun  
 
 Vest    Assault Pack  
 
Figure C.1: Study 1 Marker Set 
Calibration  
Tracking  
Combination 
C7 
L_AC 
R_AC 
L_G
T 
R_GT 
L_KNEELAT 
L
S 
R/L_PSIS 
R_KNEELAT R/L_KNEEMED 
R_ANKLAT L-ANKLAT 
L_ASIS R_ASIS 
R/L_ANKMED 
R_M5 
R_TOE 
L_M5 
L_TOE 
R/L_M1 
R_UA Cluster 
R_Fore Cluster 
L_UA Cluster 
L_Fore Cluster 
R_Thigh 
Cluster 
L_ Thigh 
Cluster 
R_Shank Cluster L_Shank Cluster 
L_ELBMED 
L_ELBLAT 
L_WRISTMED 
L_WRISTLAT R_WRISTMED 
R_WRISTLAT 
R_ELBMED 
R_ELBLAT 
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Figure C.2: Study 2 Marker Set. Study 3 Marker Set was the same except for there 
was no C7 Marker. 
 
 
 
Shot Vector Wand 
“Mechanical Trigger” Markers 
Gun Cluster 
C7 
L_AC R_AC 
Forehead 
L_GT 
R_GT 
R_ANKLAT L-ANKLAT 
R/L_ANKMED 
R_M5 
R_TOE 
L _M5 
L_TO
E 
R/L_M1 
R-HEEL L_HEEL 
HELMET; 
2 Markers per Side 
FEET 
TRUNK HELMET 
HEAD 
FRANKFURT  
PLANE 
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APPENDIX D  
LOAD-OUT WEIGHT AND CONFIGURATIONS 
Table D.1: Study 1 Load-out Weight 
 
Configuration 
Item Weight 
(lbs.) 
Cumulateive Weight 
(lbs.) Equipment 
Weapon 5 5 Weapon 
Helmet 3.5 8.5 Weapon & Helmet 
Vest 47.4 56.2 Weapon, Helmet, & Vest 
Standard 23.0 79.2 
Weapon, Helmet, Vest, and Assault 
Pack 
 
 
 
Figure D.1 Study 1 Configurations 
 
 
Gun 
Vest Assault 
Pack 
Weapon Configuration (W) Helmet Configuration (H) 
Vest Configuration (V) 
Standard Configuration (STD) 
Helmet 
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Table D.2: Study 2 Load-out Weights 
 
Individual Items lbs. Configurations 
Weight 
(Lbs.) 
Vest/Assault Pack 68.50 UNLOADED 10.33 
2 Plates     STANDARD 82.33 
2 Soft Armor     NVG 83.83 
6 Mags, 2 Frags, 2 HE     UE 87.21 
2 BA5590       
(P) 6 Mags, 2 Frags       
(P) Water       
(P) Food       
(P) Extra Batteries, Kit       
        
M-4 w Double Mag 10.33   
      
Helmet 3.50   
      
Night Vision Goggles 1.50   
      
Extremity Armor 4.88   
2 x Forearm 2.50 
  
  
2 x Upper Arm 2.38   
 
   
  
Figure D.2: Study 2 Configurations 
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Table D.3: Study 3 Load-out Weight 
 
Equipment Unloaded Light Standard 
Helmet 0 2.25 3.38 
Wpn 8.39 8.39 11.76 
Vest and 
Pack 0 44.69 67.26 
Total 
Weight 8.39 55.3 82.4 
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APPENDIX E  
PROCEDURAL SET-UP 
 
Figure E.1: Low Ready Position 
 
  
 
 
 
 
Figure E.2: Pictures of Gun, Triggers, Shot Vector Wand 
 
 
Infra-Red LEDs 
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POSTURAL STATE 
 
     Low Moving  On Target   Complete 
     Ready     to 
  Target 
 
      APAs 
 
 
 
 
                   Time (s) 
0      ~1s      5-7s         17s+ END 
Start    “GO” “Shot 1”        “Shot 2” 
 
Figure E.3: Temporal Progression of Study 2 data collection 
 
 
 
 
 
 
Figure E.4: Distance Vector Graphics  
 
 
 
 
 
 
 
Trigger Pulls 
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POSTURAL STATE 
 
     On  24”               
     Platform    
   (Standing)   
 
         
 
 
 
                    
 
“GO”      Initial        Max                                   Time(s)     
      Contact     Flexion  Shot 1           Shot 2      
 
Figure E.5: Temporal Progression of Study 2 data collection 
 
 
 
 
 
 
Figure E.6: Center of Target “Hit” 
 
 
“Landing” 
Visual Cue On  
“Standing” 
Tgt1 
Posture 
Tgt2 
Posture 
Transition 
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Forehead   Virtual Head Position 
    
        Left Head        Right Head Marker 
 
 
 
 
 
 
 
      Virtual Trunk Position 
        C7 
 
   
  Left AC    Right AC 
 
 
 
 
 
 
 
          Virtual Helmet Position 
 
 
 
 
 
Figure E.7 Marker Locations for Segmental 3D Trajectories 
Barrel Trajectory Marker 
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APPENDIX G  
 
GLOSSARY 
 
Action-Perception Coupling: The recognition that action at some level is required to 
perceive, and that by acting we perceive the change and non-change over perceptual 
arrays that provide meaningful information (affordances). This understanding precludes 
the pedagogy of separating unitary functional phenomena into two different classes for 
independent evaluation.  
 
Affordances: Meaningful information for behavior that emerges from the interaction of, 
and constraints on organism-environment relations within an intentional task via Action-
Perception coupling.  
 
Behavioral Dynamics: Those segmental dynamics that arise from interactions between 
organism, environment, and task when evaluated during goal-directed behavior. A level 
of analysis relative to the Intrinsic Dynamics via the addition a specific performance goal 
(e.g. landing for marksmanship vs. landing alone). 
 
Biotensegrity: A hypothesis that suggests that the fractal neuro-mechanical structure of 
the human system as composed of tension (e.g. ligaments, muscles, fascia) and 
compression (bones, structural proteins, cellular matrices) elements within which the 
haptic array is embedded. Conceptualizes the human system in terms a field-like structure 
rather than decomposing it into a mechanical structure of individual parts, promoting the 
distributed and interaction-based regulation suggested by Bernstein, among others.  
 
Dynamic Visual Acuity:  The ability to perceive detailed information during relative 
motion of the organism, visual target, or some combination of both. In contrast to static 
visual acuity, where there is no motion between the organism and target.  
 
Ecological Approach: The approach that requires one to contextualize research in a 
manner that nests the model paradigm within realistic situations in which animals find 
themselves within their niche. This approach requires a commitment to Direct Perception 
and movement of the organism through an environment of interest to the investigator. 
The unit of analysis for the Ecological Approach is at the level of Organism-Environment 
{OE}.   
 
End Effector: The primary tool or object that is wielded by an animal related to the 
primary functional purpose of an intentional action (e.g. a hammer, rake, weapon, etc).  
 
Equifinality: The ability of an actor-perceiver to achieve the same functional goal through 
a variety of different segmental relations (motor abundance), despite the addition of 
constraints (from the investigator or naturally occurring).  
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Information (Gibsonian):  Lawful information that emerges (rather than is revealed) 
between the organism and environment as the animal moves through a variety of station-
points within a niche. Gibsonian information is behaviorally meaningful to the animal’s 
intention (an affordance) and emerges from the transformations and non-transformations 
to which the animal is sensitive within a perceptual array over an event.  
 
Intrinsic Dynamics: Those segmental dynamics that arise from interactions between 
organism, environment, and task when evaluated in the absence of specified goal-directed 
behavior. Intrinsic Dynamics provide the basis for understanding how additional 
constraints on goal-directed performance modify emergent segmental organization. This 
level of analysis may be seen as the most unconstrained conditions within which a task is 
performed, and serves as a baseline for further evaluations of additional constraints on 
self-organizing behavior of the system (e.g. treadmill locomotion vs. locomotion during 
scanning on a treadmill or locomotion over terrain).  The level of Intrinsic Dynamics is 
by convention and is a relative level of analysis specific to the research question of 
interest.  
 
Motor Abundance: The capabilities of a many dimensional ‘motor’ system to organize 
itself in any number of ways that sub-serve performance of the goal (equifinality).  
 
Regulation: Synonymous with self-regulation, as it arises from the interactions within a 
physical structure of interest and does not require external intervention, reference values, 
or control. “Regulation does not require the tetrad of measurement, feedback, 
amplification, and comparison, as controllers do.” (Yates, 1982).  
 
Survivability: The ability to persist through an event or encounter based on organisms 
ability to perceive and act in a manner that keeps them alive. Requires “informed 
awareness” of the actor (Shaw & Kinsella-Shaw, 2007) and is contrasted with the type of 
Survivability that is generally discussed; that involving the ability of armor to stop 
penetration of a ballistic threat (bullet, fragment, etc.). 
 
Synergy: A distributed functional entity that can be assembled from many different 
degrees of freedom to achieve a specific goal of the animal (e.g. reach, point, aim, 
locomote, stand upright).  
 
System: A set of interacting elements that forms a unified whole consisting of 
components, interactions, boundary conditions, and environments. Within the context of 
this document, the system is generally thought to be the participant under load, 
performing the task under the constraints provided via instruction. 
 
Working Point: The temporal-spatial dimension to which the end-effector is related and 
to which the intentional task is coupled. For example, the weapon is considered the end-
effector while the aim point on the target is the working point.  
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